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ABBREVIATIONS 


amu 

atomic  mass  units 

BChE 

butyrylcholinesterase 

CPO 

chlorpyrifos  oxon 

DPP 

diisopropylfluorophosphate 

PP-biotin 

biotin-tagged  organophosphorus  agent;  10- 
fluoroethoxyphosphinyl-N-biotinamidopentyldecanamide 

HPLC 

high  performance  liquid  chromatography 

MALDI-TOP 

matrix  assisted  laser  desorption  ion  -  time  of  flight  mass 
spectrometer;  used  for  acquisition  of  MS  spectra 

MALDI-TOP-TOP 

matrix  assisted  laser  desorption  ion  -  time  of  flight  mass 
spectrometer  -  time  of  flight  mass  spectrometer;  used  for 
acquisition  of  MSMS  spectra 

MS 

mass  spectrum 

MSMS 

tandem  mass  spectrometry  in  which  the  mass  of  a  molecule  is 
determined  in  the  first  MS  and  the  masses  of  the  fragment  ions  are 
determined  in  the  second  MS 

m/z 

mass  to  charge  ratio 

NCBI 

National  Center  for  Biotechnology  Information,  US  library  of 
medicine 

OP 

organophosphorus  toxicant 

QTRAP 

Hybrid  Triple  Quadrupole/Linear  Ion  trap  mass  spectrometer  from 
Applied  Biosystems 

sarin 

O-isopropylmethylphosphonofluoridate 

soman 

O-pinacolylmethylphosphonofluoridate 

INTRODUCTION 

There  is  overwhelming  evidence  that  the  acute  toxicity  of  organophosphorus 
nerve  agents  and  pesticides  (OP)  is  due  to  inhibition  of  acetylcholinesterase  The  OP  binds 
covalently  to  the  active  site  serine  to  make  an  irreversible  adduct.  The  active  site  serine  of 
acetylcholinesterase  is  located  in  a  conserved  sequence  GlyXSerXGly  common  to  all  serine 
esterases  and  serine  proteases  (Taylor  and  Radio,  1994).  The  OP-modified  acetylcholinesterase 
is  incapable  of  performing  its  physiological  function  of  hydrolyzing  the  neurotransmitter 
acetylcholine.  Excess  acetylcholine  overstimulates  receptors,  initiating  a  cascade  of  reactions 
that  results  in  uncontrolled  seizures  and  respiratory  arrest  (McDonough  and  Shih,  1997). 

What  is  not  understood  is  why  some  people  suffer  chronic  illness  from  a  dose  of  OP  too 
low  to  inhibit  acetylcholinesterase  (Ray  and  Richards,  2001;  Salvi  et  al.,  2003;  Kamel  and 
Hoppin,  2004;  Beseler  et  al.,  2008;  Golomb,  2008).  The  implication  is  that  OP-reactive  proteins 
exist  that  are  more  sensitive  than  acetylcholinesterase  to  OP.  When  we  began  this  work  we 
assumed  that  these  highly  reactive  proteins  would  have  serine  at  the  active  site.  But  when  we 
searched  for  these  proteins  using  a  biotinylated  OP  we  consistently  found  proteins  that  had  no 
active  site  serine.  At  first  we  suspected  that  the  avidin  beads  had  nonspecifically  bound  these 
proteins  and  that  we  were  looking  at  artifacts.  To  convince  ourselves  that  a  protein  like  tubulin 
actually  binds  OP  covalently,  we  studied  OP  binding  to  pure  tubulin.  We  used  mass 
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spectrometry  to  identify  the  OP  binding  site  (Grigoryan  et  al.,  2008).  The  labeled  amino  acid 
was  tyrosine.  We  studied  other  pure  proteins,  and  finally  synthetic  peptides  (Grigoryan  et  al., 
2009a;  Li  et  al.,  2009a).  A  consistent  pattern  emerged  of  OP  binding  to  tyrosine  (Schopfer  et  al., 
2010b).  More  recently  we  have  also  identified  covalent  binding  of  OP  to  lysine  in  proteins  that 
have  no  active  site  serine  (Grigoryan  et  al.,  2009b;  Lockridge  and  Schopfer,  2010). 

Evidence  that  OP  binding  to  tyrosine  occurs  in  vivo  comes  from  our  study  of  mice  and 
humans.  Mice  treated  with  chlorpyrifos  at  doses  that  did  not  inhibit  acetylcholinesterase  had 
diethoxyphosphorylated  tubulin  in  brain  (Jiang  et  al.,  2010).  Humans  poisoned  by  dichlorvos 
had  dimethoxyphosphorylated  albumin  in  plasma  (Li  et  al.,  2010b).  Human  studies  used  OP 
pesticides  as  surrogates  for  nerve  agents  because  humans  exposed  to  nerve  agents  are  not 
available.  Our  results  suggest  new  directions  to  search  for  a  mechanism  of  low  dose  OP  toxicity. 
Proteins  involved  in  axonal  transport,  especially  proteins  whose  function  depends  on  reversible 
phosphorylation,  are  prime  candidates  for  a  role  in  OP-induced  low  dose  toxicity. 


BRIEF  SYNOPSIS  OF  RESEARCH  RESULTS 

Oganophosphorus  toxicants  (OP)  include  chemical  nerve  agents  and  pesticides.  We  have 
identified  a  new  motif  for  OP  binding  to  proteins.  OP  agents  make  a  covalent  bond  not  only 
with  serine  but  also  with  tyrosine  and  lysine.  The  reaction  of  OP  with  tyrosine  occurs  at 
physiological  conditions.  Mice  treated  with  low  doses  of  chlorpyrifos  that  do  not  inhibit 
acetylcholinesterase,  have  OP-modified  tubulin  in  their  brains  (Jiang  et  al.,  2010).  Humans 
poisoned  with  dichlorvos  have  OP-modified  albumin  in  plasma  (Li  et  al.,  2010b). 

Butyrylcholinesterase  in  plasma  is  a  biomarker  of  exposure  to  OP  nerve  agents,  OP 
pesticides  and  carbamate  exposures.  We  developed  mass  spectrometry  methods  to  detect  soman 
and  sarin  adducts  on  butyrylcholinesterase  in  human  plasma  that  had  been  treated  with  these 
nerve  agents  in  vitro  (Li  et  al.,  2008c).  In  addition  we  used  mass  spectrometry  to  identify 
butyrylcholinesterase  adducts  after  treatment  of  purified  butyrylcholinesterase  with  nerve  agent 
analogs  of  tabun,  soman,  sarin,  and  cyclosarin  (Gilley  et  al.,  2009).  This  in  vitro  work  laid  the 
groundwork  for  studies  on  plasma  from  live  humans  exposed  to  various  agents.  Plasma  from 
humans  poisoned  by  nerve  agents  was  not  available  to  us  because  nerve  agent  exposures  are 
uncommon.  However,  we  were  able  to  obtain  plasma  from  humans  poisoned  by  OP  and 
carbamate  pesticides.  These  agents  are  surrogates  for  nerve  agents  because  their  mechanism  of 
toxicity  is  the  same  as  for  nerve  agents.  Furthermore,  exposure  to  the  surrogates  can  be  tracked 
in  the  same  way  as  exposure  to  nerve  agents,  namely  by  binding  to  plasma  butyrylcholinesterase. 
Our  mass  spectrometry  analysis  showed  that  plasma  samples  from  humans  poisoned  by 
dichlorvos,  chlorpyrifos,  carbofuran,  or  aldicarb  had  adducts  on  butyrylcholinesterase  (Li  et  al., 
2009b;  Li  et  al.,  2010a). 

Nanoimaging  of  microtubules  was  introduced  as  a  method  to  visualize  the  effect  of  OP 
exposure  (Grigoryan  and  Lockridge,  2009b).  Mice  treated  with  OP  have  thin  microtubules  that 
are  depleted  of  the  normal  amount  of  associated  proteins  (Jiang  et  al.,  2010).  This  result  is 
relevant  to  understanding  noncholinesterase  mechanisms  of  OP  toxicity. 

Mass  spectrometry  was  used  to  demonstrate  that  the  esterase  activity  of  albumin  is  not  a 
real  esterase  activity  because  there  is  no  turnover.  Many  lysines  become  acetylated  but  the 
acetylation  is  stable  (Lockridge  et  al.,  2008;  Liyasova  et  al.,  2010).  Tyrosine  41 1  of  albumin  is 
acetylated  by  p-nitrophenyl  acetate,  but  not  by  aspirin.  These  studies  are  relevant  to  the  study  of 
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nerve  agent  exposure  because  nerve  agents  make  stable  adducts  with  albumin  on  Tyrosine  411. 
Aspirin  use  will  not  interfere  with  OP  binding  to  Tyrosine  41 1  of  albumin. 

Butyrylcholinesterase  purified  from  human  plasma  is  not  simply  a  tetramer  of  4  identical 
subunits.  Using  mass  spectrometry  we  found  that  the  purified  butyrylcholinesterase  includes 
polyproline  peptides  with  the  sequence  PSPPLPPPPPPPPPPPPPPPPPPPPLP  .  The  function  of 
the  polyproline  peptides  is  to  organize  the  4  subunits  into  a  340  kDa  tetramer,  by  interacting  with 
the  C-terminal  tetramerization  domain  (Li  et  al.,  2008b).  This  finding  is  relevant  to  protection 
from  nerve  agent  toxicity  because  butyrylcholinesterase  is  being  developed  as  a  bioscavenger  for 
protection.  The  tetrameric  form  of  butyrylcholinesterase  has  a  much  longer  residence  time  in  the 
circulation  (weeks)  than  the  monomeric  form  (minutes).  The  information  that  tetramers  are 
produced  by  coexpression  with  a  polyproline  rich  peptide  makes  it  possible  to  make 
butyrylcholinesterase  tetramers  by  recombinant  DNA  methods.  The  Department  of  Defense  will 
save  a  lot  of  money  by  using  tetrameric  butyrylcholinesterase  because  a  single  dose  will  last  a 
long  time  in  the  body. 


NEW  DIRECTIONS  EOR  FUTURE  RESEARCH  BASED  ON  THE  RESULTS  IN  THIS 
REPORT 

•  Antibodies  for  detection  of  OP  exposure  could  be  developed  that  recognize  OP-tyrosine 
adducts  on  proteins  in  plasma.  The  rationale  for  this  approach  are  the  findings  that  1) 
people  poisoned  with  dichlorvos  have  OP-albumin  adducts  in  their  plasma,  where  the  OP 
is  covalently  bound  to  Tyrosine  411.  This  demonstrates  that  it  makes  sense  to  make  an 
antibody  for  detection  of  OP-tyrosine.  2)  OP-tyrosine  adducts  are  stable  compared  to 
OP-serine  adducts,  making  it  likely  that  OP-tyrosine  adducts  could  be  detected  weeks 
after  exposure. 

•  The  finding  that  OP  agents  bind  covalently  to  tyrosine  and  lysine  on  proteins  suggests 
new  directions  to  search  for  a  mechanism  to  explain  neurotoxicity  from  low  dose 
exposure  to  OP.  The  most  likely  candidates  are  a)  low  abundance  signaling  proteins, 
possibly  kinases,  whose  function  is  disrupted  by  binding  OP,  and  b)  proteins  involved  in 
axonal  transport  whose  function  depends  on  reversible  phosphorylation  and 
dephosphorylation. 

•  The  mass  spectrometry  methods  developed  in  this  work  can  be  applied  to  study  toxicity 
from  exposures  that  have  no  laboratory  verification  method  to  date.  For  example,  the 
unfiltered  bleed  air  in  jet  aircraft  causes  severe  toxicity  in  some  air  crew  and  passengers 
(Ross,  2008).  The  likely  toxicant  is  tricresyl  phosphate,  an  additive  in  jet  oil  (Ross, 
2008).  Tricresyl  phosphate  is  converted  to  a  potent  cyclic  phosphate  in  the  liver  (Casida 
et  al.,  1961).  Mass  spectrometry  is  expected  to  detect  butyrylcholinesterase  adducts  in 
plasma. 

•  Tetrameric  butyrylcholinesterase  can  be  produced  by  coexpression  of 
butyrylcholinesterase  with  a  polyproline  rich  peptide.  The  advantage  of  tetrameric 
butyrylcholinesterase  is  that  it  is  stable  in  the  circulation.  In  contrast,  monomeric 
butyrylcholinesterase  is  cleared  within  minutes.  A  single  dose  will  last  for  days  or  weeks 
and  therefore  a  single  dose  will  protect  from  nerve  agent  toxicity  for  a  long  time. 
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APPROVED  STATEMENT  OF  WORK 

Task  1.  Determine  the  characteristic  fragmentation  pattern  of  soman  covalently  bound  to  a 

serine  hydrolase  (trypsin). 

Task  2.  Determine  the  characteristic  fragmentation  pattern  of  soman  covalently  bound  to  a 
tyrosine  esterase  (albumin 

Task  3.  Identify  the  proteins  in  human  plasma  that  bind  the  nerve  agent  simulant,  FP-biotin. 

Task  4.  Set  up  a  Multiple  Reaction  Monitoring  method  to  identify  soman-labeled  proteins,  using 
purified  proteins. 

Task  5.  Use  Multiple  Reaction  Monitoring  to  identify  soman-labeled  proteins  in  human  plasma. 

Task  6.  Use  a  second  method,  for  example  enzyme  activity  assays  or  immunoprecipitation,  to 
confirm  the  identity  of  soman-labeled  proteins  from  plasma. 

Task  7.  Determine  the  limit  of  detection  of  soman-labeled  proteins  in  human  plasma. 


Task  1.  Determine  the  characteristic  fragmentation 
pattern  of  soman  covalently  bound  to  a  serine  hydrolase 
(trypsin). 

SUMMARY 

The  goal  was  to  search  for  characteristic  fragment  ions  that  would  indicate  covalent  binding  of 
soman  to  serine  in  proteins.  Two  highly  purified  proteins,  bovine  trypsin  and  human 
butyrylcholinesterase,  were  labeled  with  soman  and  their  tryptic  peptides  analyzed  by  mass 
spectrometry.  Aged  soman  adducts  on  serine  that  had  lost  the  pinacolyl  group  were  found  for 
both  proteins  (Figures  1.1  and  1.2).  MSMS  spectra  of  the  butyrylcholinesterase  adduct  showed 
dehydroalanine  ions,  where  the  active  site  serine  had  been  converted  to  dehydroalanine  by  loss 
of  the  entire  soman  molecule  as  well  as  loss  of  a  molecule  of  water  (Figure  1.1).  In  contrast, 
MSMS  spectra  of  the  soman-trypsin  adduct  contained  no  dehydroalanine  ions  (Figure  1.2).  It  is 
concluded  that  the  search  for  soman-labeled  serine  peptides  with  Mascot  software  should  use  the 
variable  modifications  named  “dehydrated  (S)”  and  “methylphosphonate  (S)”. 

We  used  this  information  to  identify  soman-labeled  butyrylcholinesterase  in  human 
plasma  in  the  attached  paper  by  (Li  et  al.,  2008c).  We  also  used  this  information  to  study  the 
reaction  of  soman  analogs  with  purified  human  butyrylcholinesterase  in  the  attached  paper  by 
(Gilley  et  al.,  2009).  This  information  was  also  useful  for  comparison  of  reaction  products  of 
butyrylcholinesterase  with  other  nerve  agents  in  the  attached  papers  by  (Carletti  et  al.,  2008)  and 
(Masson  and  Lockridge,  2010). 


Attached  are  pdf  files  for  published  papers  related  to  this  task. 

Li  H,  Tong  L,  Schopfer  LM,  Masson  P,  Lockridge  O.  Fast  affinity  purification  coupled  with 
mass  spectrometry  for  identifying  organophosphate  labeled  plasma  butyrylcholinesterase.  Chem 
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Biol  Interact.  2008  Sep  25;175(l-3):68-72.  PMID;  18586231 

Carletti  E,  Li  H,  Li  B,  Ekstrom  E,  Nicolet  Y,  Loiodice  M,  Gillon  E,  Eroment  MT,  Lockridge  O, 
Schopfer  LM,  Masson  P,  Nachon  E.  Aging  of  Cholinesterases  Phosphylated  by  Tabun  Proceeds 
through  O-Dealkylation.  J  Am  Chem  Soc.  2008  Nov  26;  130  (47):  16011-20.  PMID:  18975951 

Gilley  C,  MacDonald  M,  Nachon  E,  Schopfer  LM,  Zhang  J,  Cashman  JR,  Lockridge  O.  Nerve 
agent  analogues  that  produce  authentic  soman,  sarin,  tabun,  and  cyclohexyl  methylphosphonate- 
modified  human  butyrylcholinesterase.  Chem  Res  Toxicol.  2009  Oct;  22(10):  1680-8.  PMID: 
19715348 

Masson  P,  Lockridge  O.  Butyrylcholinesterase  for  protection  from  organophosphorus  poisons; 
catalytic  complexities  and  hysteretic  behavior.  Arch  Biochem  Biophys.  2010.  Pebl5;  494(2): 
107-20.  PMID:  20004171 
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Eigure  1.1.  MSMS  spectrum  of  aged  soman-labeled  human  butyrylcholinesterase  tryptic 
peptide.  The  parent  ion  at  1004.0  m/z  is  triply  charged.  Dehydroalanine  forms  of  the  peptide  are 
indicated  by  the  symbol  A.  The  MSMS  spectrum  was  acquired  on  the  QTRAP  4000  mass 
spectrometer.  The  accession  number  for  human  butyrylcholinesterase  in  the  National  Center  for 
Biotechnology  Information  database  is  gi:  1 16353.  Experimental  details  are  in  the  Annual  report 
for  W81XWH-07-2-0034  year  2009  by  Lockridge. 
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Figure  1.2.  Tryptic  peptide  of  bovine  trypsin  covalently  modified  on  serine  with  aged  soman. 
The  MSMS  spectrum  of  the  singly  charged  parent  ion  of  mass  3234  was  obtained  on  the 
MALDI-TOF-TOF  mass  spectrometer.  CAM  indicates  carbamidomethylated  cysteine.  The  y- 
ion  series  from  y5  to  y25  is  consistent  with  the  sequence  for  the  30  amino  acid  residue  peptide. 
The  y25  ion  is  of  particular  note  because  the  2687.1  mass  includes  the  methylphosphonate  from 
aged  soman.  The  methylphosphonate  has  remained  bound  to  serine  during  the  fragmentation 
procedure.  No  masses  were  found  for  a  dehydroalanine  form  of  this  peptide.  The  accession 
number  for  the  sequence  is  gi:830  in  the  NCBI  database.  Experimental  details  are  in  the  Annual 
report  for  W81XWH-07-2-0034  year  2009  by  Lockridge. 


Summary  of  information  derived  from  our  study,  that  is  useful  for  identifying  soman 
exposure.  Identification  of  soman  exposure  by  mass  spectrometry  requires  one  to  know  exactly 
what  ion  masses  are  expected.  Theoretical  calculations  are  helpful  but  may  not  foresee 
exceptions  to  a  theoretical  model.  Human  butyrylcholinesterase  is  a  good  example  of  this  point. 
Human  butyrylcholinesterase  is  an  excellent  biomarker  of  exposure  because  it  rapidly  forms  an 
adduct  with  soman  that  can  be  detected  by  mass  spectrometry.  Furthermore,  a  blood  sample  can 
be  analyzed  for  soman  exposure  because  butyrylcholinesterase  is  present  in  human  plasma.  The 
theoretical  mass  of  the  soman-labeled  tryptic  peptide  of  butyrylcholinesterase  is  3090  daltons  if 
serine  198  is  modified  by  0-pinacolylmethylphosphonate.  However,  such  a  mass  is  not  found. 
What  is  found  is  a  mass  of  3006  daltons  for  the  0-methylphosphonate  adduct  on  serine  198.  (A 
singly  charged  mass  of  3006  is  equivalent  to  the  triply  charged  mass  of  1004  m/z  in  Figure  1.1). 
The  difference  between  the  theoretical  and  actual  masses  is  explained  by  loss  of  the  pinacolyl 
group  of  soman. 

A  second  deviation  from  a  theoretical  model  is  in  the  MSMS  spectrum.  The  collision 
energy  in  the  mass  spectrometer  fragments  the  soman-labeled  tryptic  peptide  of 
butyrylcholinesterase  into  a  set  of  y-ions  that  have  lost  the  methylphosphonate  as  well  as  a 
molecule  of  water,  converting  the  active  site  serine  198  to  dehydroalanine.  The  dehydroalanine 
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ions  are  highly  characteristic  of  OP-labeling  on  the  active  site  serine  of  butyrylcholinesterase 
(Fidder  et  al.,  2002). 

Both  soman-labeled  bovine  trypsin  and  soman-labeled  butyrylcholinesterase  have  O- 
methylphosphonate  rather  than  0-pinacolylmethylphosphonate  adducts  on  their  active  site 
serine.  However,  MSMS  spectra  of  soman-labeled  bovine  trypsin  showed  no  dehydroalanine 
ions.  Consistent  with  our  finding  is  the  report  that  DFP-treated  chymotrypsin  yielded  no 
dehydroalanine  ions  in  the  MSMS  spectrum  (Tsuge  and  Seto,  2002). 

MSMS  data  are  often  searched  for  peptide  modifications  with  the  Mascot  search  engine. 
The  Mascot  software  can  only  identify  a  modification  if  the  expected  possible  modifications  are 
listed  as  variable  options  during  the  search.  To  make  it  possible  to  search  for  soman 
modifications  we  have  added  soman  as  a  variable  modification  option.  The  Mascot  modification 
file  is  an  open  source  software  called  Unimod.  We  introduced  soman  modification  on  serine, 
threonine,  and  tyrosine  according  to  the  instructions  on  the  web  site  http://www.unimod.org. 
Access  to  soman  modification  is  freely  available  to  all  Mascot  users  in  the  variable  modifications 
menu  under  the  name  “0-pinacolylmethylphosphonate”  for  unaged  soman  bound  to  oxygen  and 
“methylphosphonate”  for  aged  soman.  Dehydrated  serine  (equivalent  to  dehydroalanine)  can  be 
found  in  the  variable  modifications  menu  under  the  name  “dehydrated  (S)”. 


Key  Accomplishments 

•  Our  mass  spectrometry  work  confirmed  that  soman  covalently  modifies  human 

butyrylcholinesterase  and  bovine  trypsin  on  the  active  site  serine,  and  that  the  pinacolyl 
group  of  soman  is  rapidly  lost  to  yield  a  methylphosphonate  adduct  with  an  added  mass 
of -1-78. 

•  Fragmentation  of  the  soman-labeled  active  site  peptide  of  butyrylcholinesterase  showed 

that  the  labeled  serine  easily  releases  methylphosphonate  and  a  molecule  of  water, 
converting  the  active  site  serine  to  dehydroalanine.  The  conversion  to  dehydroalanine 
was  prominent  for  soman-modified  butyrylcholinesterase,  but  was  not  seen  for  soman- 
labeled  trypsin.  The  presence  of  dehydroalanine  in  the  MSMS  spectrum  is  characteristic 
for  adducts  on  the  active  site  serine  of  butyrylcholinesterase. 

•  The  Mascot  search  engine  is  used  by  investigators  all  over  the  world.  To  make  it  possible 

for  other  investigators  to  identify  soman-labeled  proteins  we  have  added  O- 
pinacolylmethylphosphonate  and  methylphosphonate  to  the  variable  modifications 
database  in  Mascot. 


in 
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Task  2.  Determine  the  characteristic  fragmentation 
pattern  of  soman  covalently  bound  to  a  tyrosine  esterase 
(albumin). 

SUMMARY 

The  goal  was  to  determine  the  characteristic  fragmentation  pattern  of  soman  covalently  bound  to 
tyrosine.  Three  pure  proteins,  human  albumin,  human  transferrin,  and  bovine  tubulin,  were 
treated  with  soman,  digested  with  trypsin  and  analyzed  by  mass  spectrometry  (Li  et  al.,  2007; 
Grigoryan  et  al.,  2008;  Li  et  al.,  2008a;  Grigoryan  et  al.,  2009c;  Li  et  al.,  2009a;  Lockridge  and 
Schopfer,  2010).  It  was  found  that  soman  made  a  covalent  bond  with  tyrosine  in  each  of  these 
proteins  (Figures  2.1,  2.2,  2.3,  2.4).  The  soman  adduct  on  tyrosine  did  not  undergo  dealkylation 
so  that  the  pinacolyl  group  remained  bound  in  the  parent  ion.  However,  during  MSMS 
fragmentation  the  pinacolyl  group  was  readily  released  to  yield  ions  that  had  lost  84  mass  units. 
Soman  adducts  on  tyrosine  are  stable,  having  a  half-life  of  20  days  at  pH  7.4  (Figure  2.5).  This 
stability  suggests  that  soman  exposure  could  be  monitored  by  analyzing  soman-tyrosine  adducts 
in  blood  samples  taken  weeks  after  the  exposure  incident. 

Attached  are  pdf  files  for  published  papers  related  to  this  task. 

Li  B.,  Schopfer  LM,  Hinrichs  SH,  Masson  P,  Lockridge  O.  Matrix-assisted  laser 
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bound  to  human  albumin  at  Tyr41L  Anal  Biochem.  2007  Feb  15;  361(2):  263-272.  PMID: 
17188226 

Li  H,  Schopfer  LM,  Nachon  F,  Froment  MT,  Masson  P,  Lockridge  O.  Aging  pathways 
for  organophosphate-inhibited  human  butyrylcholinesterase,  including  novel  pathways  for 
isomalathion,  resolved  by  mass  spectrometry.  Toxicol  Sci.  2007  Nov;  100(1):136-145.  PMID: 
17698511 

Li  B,  Nachon  F,  Froment  MT,  Verdier  L,  Debouzy  JC,  Brasme  B,  Gillon  E,  Schopfer 
LM,  Lockridge  O,  Masson  P.  Binding  and  hydrolysis  of  soman  by  human  serum  albumin. 
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spectrometry  identifies  covalent  binding  of  soman,  sarin,  chlorpyrifos  oxon,  diisopropyl 
fluorophosphate,  and  FP-biotin  to  tyrosines  on  tubulin:  a  potential  mechanism  of  long  term 
toxicity  by  organophosphorus  agents.  Chem  Biol  Interact.  2008  Sep  25;175(l-3):  180-6.  PMID: 
18502412 

Lockridge  O,  Xue  W,  Gaydess  A,  Grigoryan  H,  Ding  SJ,  Schopfer  LM,  Hinrichs  SH, 
Masson  P.  Pseudo-esterase  activity  of  human  albumin:  slow  turnover  on  tyrosine  411  and  stable 
acetylation  of  82  residues  including  59  lysines.  J  Biol  Chem.  2008  Aug  15;283(33):22582-90. 
PMID:  18577514 

Li  H,  Schopfer  LM,  Masson  P,  Lockridge  O  (2008)  Lamellipodin  proline  rich  peptides 
associated  with  native  plasma  butyrylcholinesterase  tetramers.  Biochem  J.  2008  Apr  15;  41 1(2): 
425-432.  PMID:  18076380 

Grigoryan  H,  Schopfer  LM,  Peeples  ES,  Duysen  EG,  Grigoryan  M,  Thompson  CM, 
Lockridge  O.  Mass  spectrometry  identifies  multiple  organophosphorylated  sites  on  tubulin. 
Toxicol  Appl  Pharmacol.  2009  Oct  15;240(2):  149-158.  PMID:  19632257 
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Grigoryan  H,  Li  B,  Xue  W,  Grigoryan  M,  Schopfer  LM,  Lockridge  O.  Mass  spectral 
characterization  of  organophosphate-labeled  lysine  in  peptides.  Anal  Biochem.  2009  Nov  1; 
304(1):92-100.  PMID:  19596251 

Li  B,  Schopfer  LM,  Grigoryan  H,  Thompson  CM,  Hinrichs  SH,  Masson  P,  Lockridge  O. 

Tyrosines  of  human  and  mouse  transferrin  covalently  labeled  by  organophosphorus 
agents:  a  new  motif  for  binding  to  proteins  that  have  no  active  site  serine.  Toxicol  Sci.  2009 
Jan;107(l):  144-55.  PMID:  18930948. 

Liyasova  MS,  Schopfer  LM,  Lockridge  O.  Reaction  of  human  albumin  with  aspirin  in 
vitro:  mass  spectrometric  identification  of  acetylated  lysines  199,  402,  519,  and  545.Biochem 
Pharmacol  2010;79(5):784-9LPMID:  19836360 

Lockridge  O,  Schopfer  LM.  Review  of  tyrosine  and  lysine  as  new  motifs  for 
organophosphate  binding  to  proteins  that  have  no  active  site  serine.  Chem  Biol  Interact.  2010 
Sep  6;I87(I-3):344-348.  PMID:  2021 1 158 
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Figure  2.1.  MSMS  spectrum  of  soman  labeled  peptide  from  human  albumin.  Tyrosine  411  has 
an  added  mass  of  -1-162  from  0-pinacolylmethylphosphonate. 

This  Figure  is  adapted  from  Figure  2  in  (Li  et  al.,  2008a). 
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Figure  2.2.  MSMS  spectra  of  OP  labeled  Tyr  238  in  peptide  KPVDEYK  of  human  transferrin. 
The  b  and  y  ion  masses  in  all  panels  are  consistent  with  OP  covalently  bound  to  Tyr  238.  A)  The 
doubly  charged  parent  ion  of  the  FP-biotin  labeled  peptide  is  at  726  m/z.  Masses  enclosed  in 
boxes  at  227.3,  312.5,  and  329.5  are  fragments  of  FP-biotin.  The  immonium  ion  of  FP- 
biotinylated  tyrosine  is  at  708.8  amu.  B)  The  doubly  charged  parent  ion  of  the  DFP-labeled 
peptide  is  at  522  m/z.  Loss  of  one  or  both  isopropyl  groups  during  collision  induced  dissociation 
yields  y-ions  minus  42  or  minus  84  amu,  confirming  the  presence  of  diisopropylphosphate  on  the 
parent  ion.  C)  The  doubly  charged  parent  ion  of  the  chlorpyrifos  oxon  labeled  peptide  is  at  508.7 
m/z.  The  mass  difference  between  yl  (147.2)  and  y2  (446.2)  shows  the  diethoxyphosphate  on 
tyrosine  in  fragment  y2.  D)  The  doubly  charged  parent  ion  of  the  dichlorvos  labeled  peptide  is  at 
494  m/z.  E)  The  parent  ion  of  the  soman  labeled  peptide  has  a  mass  to  charge  ratio  of  520.7, 
but  this  mass  does  not  appear  in  the  scan.  The  prominent  peak  at  479.5  is  the  doubly  charged 
parent  ion  that  has  lost  the  pinacolyl  group  from  soman.  The  y2-y7  ions  have  all  lost  84  amu  due 
to  release  of  pinacolyl  from  soman.  The  peak  at  214.4  is  the  methylphosphotyrosine  immonium 
ion.  E)  The  parent  ion  of  the  sarin  labeled  peptide  is  the  singly  charged  ion  at  998.5  amu.  The 
masses  of  the  y-ion  series,  and  the  214.1  mass  for  methylphosphotyrosine  immonium  support 
labeling  on  tyrosine.  This  is  Eigure  4  from  (Li  et  al.,  2009a). 
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Figure  2.3.  MALDI-TOF 
mass  spectra  of  tryptic 
peptides  of  bovine  tubulin 
before  and  after  labeling  with 
OP.  Peptides  from  A)  control 
bovine  tubulin,  B)  sarin 
treated  tubulin,  C) 
chlorpyrifos  oxon  (CPO) 
treated  tubulin,  D)  soman 
treated  tubulin,  F)  FP-biotin 
(FPB)  treated  tubulin.  OP- 
labeled  peptides  are  in  bold. 
The  sarin  labeled  peptide  has 
a  mass  of  858.7  amu.  The 
soman  labeled  peptide  has  a 
mass  of  696.5  amu.  Four 
peptides  indicated  in  bold 
letters  are  labeled  with  CPO, 
DFP,  and  FP-biotin. 


This  is  Figure  2  in  (Grigoryan 
et  al.,  2008). 
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Figure  2.4.  MSMS  spectra  of 
the  YVPR  peptide  of  beta 
tubulin.  A)  The  doubly  charged 
parent  ion  for  the  control 
unlabeled  peptide  has  267.2 
m/z.  The  yl,  y2,  and  y3  ions 
are  singly  charged.  B) 
Chlorpyrifos  oxon  labeled 
peptide  has  a  doubly  charged 
parent  ion  at  335.4  m/z.  The  y 
ion  masses  are  consistent  with 
diethylphosphate  attached  to 
tyrosine.  The  216  m/z  ion  is  the 
immonium  ion  of 
phosphotyrosine.  The  244.1 
m/z  ion  is  phosphotyrosine.  C) 
Soman  labeled  YVPR  has  a 
doubly  charged  parent  ion  at 
349.3  m/z,  corresponding  to  an 
added  mass  of  +162  from  O- 
pinacolylmethylphosphonate. 
The  214.1  ion  is  the  immonium 
ion  of  methylphosphotyrosine. 
The  ion  at  612.5  has  lost  the 
pinacolyl  group  from  tyrosine. 
D)  DFP-labeled  YVPR  has  a 
doubly  charged  parent  ion  at 
349.7  m/z.  The  a2  ion  has  lost 
both  isopropyl  groups  (84  amu) 
to  yield  315.1  m/z.  E)  FP-biotin 
labeled  YVPR  has  a  doubly 
charged  parent  ion  at  553.8  m/z. 
Ions  at  227,  312,  and  329  m/z 
are  fragments  of  FP-biotin.  The 
ions  at  777.2  and  880.4  m/z  are 
the  parent  ion  that  has  lost  329 
or  227  amu  from  FP-biotin. 

This  is  Figure  4  in  (Grigoryan  et 
al.,  2008). 
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Figure  2.5.  Stability  of  the  soman-albumin 
adduct  calculated  from  mass  spectrometer 
data.  Panels  A  and  B  are  MALDI-TOF 
spectra  of  pepsin-digested,  soman-labeled 
human  albumin  after  24  and  768  hours 
incubation  at  pH  7.4  and  22-C.  The  masses 
at  1717  and  1830  are  unlabeled  peptides 
VRYTKKVPQVSTPTL  and 
LVRYTKKVPQVSTPTL.  The  masses  at 
1879  and  1992  are  the  same  peptides  with  an 
added  mass  of  -1-162  from  O- 
pinacolylmethylphosphonate.  Percent 
labeled  Tyr41 1  was  calculated  by  comparing 
the  areas  for  the  peaks  of  mass  1879  and 
1992  with  the  areas  for  1717  and  1830. 

Panel  C  is  a  plot  of  %  Tyr41 1  labeled  by 
soman,  as  a  function  of  time  of  incubation  of 
the  soman  albumin  adduct.  The  soman- 
albumin  adduct  decays  with  a  half-life  of  20 
days. 


This  is  Figure  7  in  (Li  et  al.,  2008a). 


Key  accomplishments 

•  Soman  (as  well  as  sarin,  DFP,  chlorpyrifos  oxon,  dichlorvos,  and  FP-biotin)  binds 
covalently  to  tyrosine  in  albumin,  transferrin,  and  tubulin.  Covalent  binding  to  t3rrosine 
identifies  a  new  binding  motif  for  OP  in  proteins  that  have  no  active  site  serine. 

•  Adducts  of  soman  on  tyrosine  do  not  age.  That  is,  they  do  not  lose  the  pinacolyl  group  of 
soman.  This  is  significant  because  it  means  exposure  to  soman  can  be  distinguished  from 
exposure  to  sarin,  cyclosarin,  and  VX. 

•  Soman  adducts  on  tyrosine  are  stable,  decaying  with  a  half-life  of  20  days  at  pH  7.4.  This 
stability  suggests  that  soman  exposure  could  be  monitored  by  analyzing  soman-tyrosine 
adducts  in  blood  samples  taken  weeks  after  the  exposure  incident. 
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Task  3.  Identify  the  proteins  in  human  plasma  that  bind 
the  nerve  agent  simulant,  FP-biotin. 

SUMMARY 

Many  proteins  in  human  plasma  are  modified  by  FP-biotin,  a  biotinylated  OP,  by  treatment  of 
plasma  with  0.1  mM  FP-biotin  (Li  et  al.,  2009a).  The  modified  proteins  are  visualized  by 
fluorescence  after  the  proteins  have  been  separated  on  a  nondenaturing  gel  and  hybridized  to 
avidin  conjugated  to  Alexa  Fluor  680.  We  tested  several  strategies  to  identify  the  modified 
proteins  (Ding  et  al.,  2008).  1)  Purification  of  FP-biotinylated  proteins  by  binding  to  tetrameric 
or  monomeric  avidin  beads,  followed  by  mass  spectrometry  of  bound  proteins.  2)  Purification  of 
tryptic  peptides  bound  to  tetrameric  or  monomeric  avidin  beads,  followed  by  mass  spectrometry 
of  bound  peptides.  3)  Depletion  of  the  most  abundant  proteins  in  plasma  on  antibody  depletion 
columns,  followed  by  binding  to  monomeric  avidin  beads  and  mass  spectrometry  of  bound 
proteins  and  peptides.  4)  Extraction  of  proteins  from  gel  bands  followed  by  mass  spectrometry. 
5)  Purification  of  butyrylcholinesterase  from  plasma,  followed  by  mass  spectrometry  to  identify 
the  labeled  peptide.  The  proteins  in  human  plasma  modified  by  reaction  with  FP-biotin  are 
listed  in  Table  3.1.  In  addition  we  found  FP-biotinylated  peptides  containing  2  to  4  amino  acids 
that  could  not  be  assigned  to  a  specific  protein  because  the  sequences  were  too  short  (Schopfer  et 
al.,  2010a). 

What  we  learned  from  this  task  was  the  difficulty  of  identifying  nonabundant  OP-labeled 
proteins  in  plasma.  The  abundant  proteins  in  plasma  overwhelmed  the  analysis.  Even  though 
we  depleted  plasma  of  the  12  most  abundant  proteins,  the  residual  albumin  interfered  with 
recovery  of  nonabundant  EP-biotinylated  proteins.  We  had  to  purify  butyrylcholinesterase  using 
protocols  specifically  designed  for  purification  of  butyrylcholinesterase  from  small  volumes  of 
plasma  before  we  could  detect  OP-modified  butyrylcholinesterase  by  mass  spectrometry  (Li  et 
al.,  2008c).  This  lesson  has  significance  for  projects  that  aim  to  identify  the  mechanism  of  low 
dose  OP  neurotoxicity.  It  will  be  necessary  to  specifically  purify  a  particular  protein  before  it 
will  be  possible  to  identify  it  as  OP-modified. 

Attached  are  pdf  files  for  published  papers  related  to  this  task. 

Ding  SJ,  Carr  J,  Carlson  JE,  Tong  L,  Xue  W,  Li  Y,  Schopfer  LM,  Li  B,  Nachon  E,  Asojo 
O,  Thompson  CM,  Hinrichs  SH,  Masson  P,  Lockridge  O.  Eive  tyrosines  and  two  serines  in 
human  albumin  are  labeled  by  the  organophosphorus  agent  EP-biotin.  Chem  Res  Toxicol.  2008 
Sep;21(9):  1787-94.  PMID:  18707141 

Masson  P,  Nachon  E,  Broomfield  CA,  Lenz  DE,  Verdier  L,  Schopfer  LM,  Lockridge  O. 

A  collaborative  endeavor  to  design  cholinesterase-based  catalytic  scavengers  against  toxic 
organophosphorus  esters.  Chem  Biol  Interact.  2008  Sep  25;  175(1-3):  273-280.  PMID: 

18508040 

Grigoryan  H,  Li  B,  Anderson  EK,  Xue  W,  Nachon  E,  Lockridge  O,  Schopfer  LM. 
Covalent  binding  of  the  organophosphorus  agent  EP-biotin  to  tyrosine  in  eight  proteins  that  have 
no  active  site  serine.  Chem  Biol  Interact.  2009  Aug  14;  180(3):492-8.  PMID:  19539807 

Schopfer  LM,  Grigoryan  H,  Li  B,  Nachon  E,  Masson  P,  Lockridge  O.  Mass  spectral 
characterization  of  organophosphate-labeled  tyrosine-containing  peptides:  characteristic  mass 
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fragments  and  a  new  binding  motif  for  organophosphates.  J  Chromatogr  B  2010  July  24;  878: 
1297-1311.  PMID:19762289 

Masson  P,  Nachon  F,  Lockridge  O.  Structural  approach  to  the  aging  of  phosphylated 
cholinesterases.  Chem  Biol  Interact.  2010  Sep  6;187(1-3):157-162.  PMID:  20338153 


Table  3.1.  Proteins  in  human  plasma  modified  by  covalent  binding  of  FP-biotin 


Protein 

Accession  # 

modified  peptide 

reference 

albumin 

gi:3212456 

YijgLYEIAR 

(Ding  et  al.,  2008) 

albumin 

gi:3212456 

HPYmsFYAPELLFFAK 

(Ding  et  al.,  2008) 

albumin 

gi:3212456 

AEFAEVS232K 

(Ding  et  al.,  2008) 

albumin 

gi:3212456 

S287HCIAEVENDEMPADLPSLA 

ADFVESK 

(Ding  et  al.,  2008) 

albumin 

gi:3212456 

QNCELFEQLGEY401K 

(Ding  et  al.,  2008) 

albumin 

gi:3212456 

Y411TK 

(Ding  et  al.,  2008) 

albumin 

gi:3212456 

MPCAEDY452LSVVLNQLCVLHE 

K 

(Ding  et  al.,  2008) 

butyrylcholinesterase 

gi:348 10862 

S  VTLFGES 198AGAAS  VSLHLLSP 
GSHSLFTR 

not  published 

transferrin 

gi:15021381 

KPVDEY238K 

(Li  et  al.,  2009a) 

transferrin 

gi:15021381 

KPVEEY574ANCHLAR 

(Li  et  al.,  2009a) 

alpha-2-glycoprotein  1 
zinc 

gi:52790422 

WEAEPVY174VQR 

(Grigoryan  et  al.,  2009a) 

alpha-2-glycoprotein  1 
zinc 

gi:52790422 

AY181LEEECPATLR 

(Grigoryan  et  al.,  2009a) 

alpha-2-glycoprotein  1 
zinc 

gi:52790422 

YYi38YDGKDYIEFNK 

(Grigoryan  et  al.,  2009a) 

alpha-2-macroglobulin 

gi:25303946 

not  known 

(Li  et  al.,  2009a) 

alpha- 1  -antitrypsin 

gi:54695780 

not  known 

(Li  et  al.,  2009a) 

complement  C3 

gi:40786791 

not  known 

(Li  et  al.,  2009a) 

Ig  G1  H  Nie 

gi:229601 

not  known 

not  published 

Immunoglobulin  k 

VLJ  region 

gi:21669317 

not  known 

not  published 

Ig  mu  chain  C  region 

gi:  1275 14 

not  known 

not  published 

unknown 

unknown 

AY*PR 

(Schopfer  et  al.,  2010a) 

unknown 

unknown 

Y*PR 

(Schopfer  et  al.,  2010a) 

unknown 

unknown 

Y*L/IK 

(Schopfer  et  al.,  2010a) 

unknown 

unknown 

Y*K 

(Schopfer  et  al.,  2010a) 

The  modified  amino  acid  is  indicated  by  the  lower  case  number;  for  example  in  peptide 
Y 138LYEIAR  the  modified  amino  acid  is  tyrosine  138.  The  evidence  for  FP-biotin  binding  to 
human  albumin,  butyrylcholinesterase,  transferrin,  alpha-2-glycoprotein  1  zinc,  and  to  the  4  short 
peptides  (listed  at  the  bottom  of  the  table)  is  very  strong  because  the  modified  peptides  and  the 
binding  site  were  identified  by  mass  spectrometry.  The  evidence  for  FP-biotin  binding  to 
human  alpha-2-macroglobulin,  alpha- 1 -antitrypsin,  and  complement  C3  is  also  strong  because 
binding  was  confirmed  using  pure  proteins,  though  the  modified  amino  acids  have  not  been 
identified.  The  evidence  for  FP-biotin  binding  to  immunoglobins  is  weak  because  the  modified 
peptides  have  not  been  found  and  the  experiments  have  not  been  repeated  with  highly  purified 
immunoglobulins.  The  4  short  peptides  listed  at  the  bottom  of  the  table  could  originate  from 
several  proteins  in  human  plasma. 
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iKey  accomplishment! _ 

» _ Several  proteins  in  human  plasma  make  a  covalent  bond  with  FP-biotin.  The  best 

biomarkers  for  OP  exposure  are  butytylcholinesterase  and  albumin. 


Task  4.  Set  up  a  Multiple  Reaction  Monitoring  method  to 
identify  soman-labeled  proteins,  using  purified  proteins. 

SUMMARY 

Multiple  reaction  monitoring  methods  were  developed  to  detect  the  soman-modified  active  site 
peptide  of  human  butyrylcholinesterase  and  soman-modified  human  albumin.  The  methods  were 
developed  using  pure  human  butyrylcholinesterase  and  pure  human  albumin  modified  with 
soman.  Tables  4.1  and  4.2  list  the  amino  acid  sequences  of  the  peptides  that  are  labeled  by 
soman,  the  masses  and  charge  of  the  parent  ions  and  the  masses  and  charge  of  the  product  ions. 
The  information  in  Tables  4.1  and  4.2  was  derived  experimentally  and  shows  the  set  of  values 
that  need  to  be  used  in  the  multiple  reaction  monitoring  method  for  detection  of  soman  exposure. 
The  results  in  Tables  4.1  and  4.2  completed  Task  4. 

Having  completed  Task  4,  we  set  out  to  test  actual  samples  from  humans  poisoned  by 
pesticides.  Cases  of  pesticide  exposure  rather  than  soman  exposure  were  tested  because  only 
pesticide  exposure  cases  were  available  to  us.  Very  few  humans  are  poisoned  by  nerve  agents, 
and  their  blood  is  sent  to  military  laboratories  or  to  the  Centers  for  Disease  Control  and  is 
unavailable  to  a  university  laboratory  for  testing. 

Our  first  test  cases  were  plasma  samples  from  two  patients  poisoned  by  carbofuran. 
Multiple  reaction  monitoring  in  the  QTRAP  mass  spectrometer  was  selected  as  the  method  for 
identification  because  this  method  has  the  highest  sensitivity,  and  therefore  the  highest  likelihood 
of  success.  Its  high  sensitivity  comes  from  the  fact  that  it  ignores  all  masses  except  those  listed 
by  the  investigator  as  the  masses  of  interest.  The  investigator  has  to  know  exactly  what  he  is 
looking  for  before  this  method  can  be  used.  We  did  preliminary  work  with  purified 
butyrylcholinesterase  labeled  on  serine  198  with  various  agents,  in  preparation  for  analyzing  the 
patient  samples.  From  the  work  in  Task  3  we  knew  that  we  had  to  purify  the 
butyrylcholinesterase  from  patient  plasma  to  have  a  chance  of  seeing  the  labeled  peptide  in  the 
mass  spectrometer.  We  purified  the  patients’  butyrylcholinesterase  by  chromatography  on 
procainamide-Sepharose,  digested  the  butyrylcholinesterase  with  trypsin,  and  enriched  for  the 
labeled  peptide  by  offline  HPLC.  The  partially  purified  labeled  peptide  was  analyzed  by  liquid 
chromatography/tandem  mass  spectrometry  in  the  multiple  reaction  mode.  Carbofuran  was  found 
covalently  bound  to  serine  198  of  human  butyrylcholinesterase  in  both  poisoning  cases  (Li  et  al., 
2009b).  Our  study  is  the  first  to  report  success  using  multiple  reaction  monitoring  to  identify  an 
adduct  on  butyrylcholinesterase  in  samples  from  poisoned  humans.  The  methods  developed  in 
our  carbofuran  study  are  applicable  to  analysis  of  soman  exposure  in  humans. 

A  PDF  file  of  the  published  paper  is  attached. 

Li  H,  Ricordel  I,  Tong  L,  Schopfer  LM,  Baud  F,  Megarbane  B,  Maury  E,  Masson  P,  Lockridge 
O.  Carbofuran  poisoning  detected  by  mass  spectrometry  of  butyrylcholinesterase  adduct  in 
human  serum.  J  Appl  Toxicol.  2009  Mar;29(2):  149-55.  PMID:  18937214 
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Table  4. 1 .  Multiple  Reaction  Monitoring  ti 
human  butyrylcholinesterase  as  the  biomar 

•ansitions  for  detection  of  soman  exposure,  using 
■cer  of  exposure. 

butyrylcholinesterase  peptide 
SVTLFGESAGAASVSLHLLSPGSHSLFTR 

parent  ion,m/z 
charge+4 

product  ion,m/z 
charge+1 

product  ion,m/z 
charge+1 

no  label 

733.3 

1001.5  (y9) 

1088.5  (ylO) 

aged  soman  labeled;  added  mass  +78 

752.8 

1001.5  (y9) 

1088.5  (ylO) 

Table  4.2.  Multiple  Reaction  Monitoring  transitions  for  detection  of  soman  exposure,  using 
human  albumin  as  the  biomarker  of  exposure. _ _ _ 


albumin  peptide 
VRYTKKVPQVSTPTL 

parent  ion,  m/z 
charge  +3 

product  ion,  m/z 
charge  +2 

product  ion,  m/z 
charge  +2 

no  label 

573.3 

694.4  (bl2) 

742.9  (bl3) 

soman  labeled;  added  mass  +162 

627.3 

775.4  (bl2) 

823.9  (bl3) 

albumin  peptide 
LVRYTKKVPQVSTPTL 

no  label 

611.1 

700.4  (bl2) 

750.9  (bl3) 

soman  labeled;  added  mass  +162 

665.1 

781.4  (bl2) 

831.9  (bl3) 

Key  Accomplishments _ 

j»  A  multiple  reaction  monitoring  method  for  detection  of  soman  exposure  was  develoi^d 

_ using  pure  human  proteins  modified  by  soman.  | _ 

^ _ ^The  multiple  reaction  monitoring  method  was  applied  to  clinical  cases  of  pesticide  j_ 

ixposure,  because  cases  of  soman  exposure  were  not  available  to  us.  Plasma  from  two  | 
live  patients  was  successfully  identified  as  having  carbofuran  adducts  on  plasma 
but^CTlcholinesterase. 


Task  5.  Use  Multiple  Reaction  Monitoring  to  identify 
soman-labeled  proteins  in  human  plasma. 

SUMMARY 

Finding  a  labeled  peptide  in  human  plasma  is  challenging  because  human  plasma  contains  at 
least  3000  proteins.  We  had  to  develop  methods  to  purify  butyrylcholinesterase  from  1  ml  of 
plasma  before  we  could  detect  the  soman  labeled  peptide  in  the  mass  spectrometer.  We  achieved 
purification  by  affinity  chromatography  on  0.2  ml  of  procainamide-Sepharose  beads,  followed 
by  gel  electrophoresis  (Li  et  al.,  2008c).  An  example  of  the  Coomassie  stained  gel  from  which 
the  butyrylcholinesterase  band  was  extracted  for  mass  spectrometry  analysis  is  shown  in  Figure 
5.1.  Mass  spectrometry  successfully  identified  the  soman  labeled  butyrylcholinesterase  peptide. 
Soman  labeled  butyrylcholinesterase  could  be  detected  when  the  soman  concentration  was  low, 
inhibiting  as  little  as  2%  of  the  butyrylcholinesterase  in  plasma.  In  contrast,  soman  labeled 
albumin  could  not  be  detected  when  the  soman  concentration  was  low.  The  soman 
concentration  had  to  be  raised  to  0.2  mM  (a  lethal  concentration)  before  1%  of  the  albumin  in 
plasma  was  labeled,  and  before  we  could  detect  soman  labeled  albumin  in  the  mass  spectrometer. 
It  was  surprising  that  soman  labeled  albumin  could  not  be  detected  in  human  plasma  when 
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loman  concentrations  were  sublethal,  because  we  were  able  to  detect  dichlorvos  labeled  albumin 
In  human  plasma  from  live  patients  poisoned  by  dichlorvos  (Li  et  al.,  2010b). 

The  methods  we  developed  to  purify  butyrylcholinesterase  from  1  ml  plasma  and  to 
analyze  the  peptides  by  mass  spectrometry  were  applied  to  analysis  of  patient  plasma.  We  also 
analyzed  patient  plasma  for  the  presence  of  OP  adducts  on  albumin,  and  found  dichlorvos 
labeled  albumin.  Multiple  reaction  monitoring  was  used  to  identify  OP-modified 
butyrylcholinesterase  in  the  plasma  of  patients  poisoned  by  dichlorvos  and  by  chlorpyrifos  (Li  et 
al.,  2010a).  Mass  spectrometry  was  also  successful  in  identifying  OP-modified  albumin  in 
patients  poisoned  by  dichlorvos  (Li  et  al.,  2010b).  Our  study  is  the  first  to  have  identified  OP- 
modified  albumin  in  patient  plasma.  The  methods  developed  for  analyzing  plasma  from  OP 
poisoned  patients  are  applicable  to  analyzing  exposure  to  soman. 

Attached  are  pdf  files  for  published  papers  related  to  this  task. 

Li  H,  Tong  L,  Schopfer  LM,  Masson  P,  Lockridge  O.  Fast  affinity  purification  coupled 
with  mass  spectrometry  for  identifying  organophosphate  labeled  plasma  butyrylcholinesterase. 
Chem  Biol  Interact.  2008  Sep  25;175(l-3):68-72.  PMID:  18586231 

Li  B,  Ricordel  I,  Sehopfer  LM,  Baud  F,  Megarbane  B,  Masson  P,  Lockridge  O. 
Dichlorvos,  Chlorpyrifos  Oxon,  and  Aldicarb  adducts  of  butyrylcholinesterase,  detected  by  mass 
spectrometry  in  human  plasma  following  deliberate  overdose.  J  Appl  Toxicol.  2010 
Aug;30(6):559-565.  PMID:  2080944 

Li  B,  Ricordel  I,  Schopfer  LM,  Baud  F,  Megarbane  B,  Nachon  F,  Masson  P,  Lockridge 
O.  Deteetion  of  adduct  on  tyrosine  41 1  of  albumin  in  humans  poisoned  by  dichlorvos.  Toxicol 
Sci.  2010  Jul;  116(1)23-31.  PMID:20395308 


Figure  5.1.  Coomassie  blue  stained  gel  showing 
the  butyrylcholinesterase  (BChE)  gel  band  that 
was  analyzed  by  mass  spectrometry.  Human 
plasma  (1  ml)  treated  with  0.2  mM  soman  in  vitro 
was  partially  purified  on  a  0.2  ml  procainamide 
affinity  column,  desalted  and  concentrated  to  0.06 
ml  for  loading  on  a  nondenaturing  polyacrylamide 
gel.  Lane  1,  control  human  plasma  (no  soman 
treatment,  no  purification).  Lane  2,  flow-through 
fraction  that  did  not  bind  to  the  procainamide 
affinity  column.  Lane  3,  wash-off  fraction.  Lane 
4,  butyrylcholinesterase  eluted  from  the  affinity 
column.  Lane  5,  blank.  Lane  6,  concentrated 
eluate.  The  gel  slice  used  for  mass  spectrometry 
was  cut  out  of  lane  6.  This  figure  was  adapted 
from  Figure  1  in  (Li  et  al.,  2008c). 


accomplishmenti 

•  Soman  labeled  butyrylcholinesterase  was  detected  by  mass  spectrometry  in  hunian 
plasma  treated  in  vitro  with  soman.  It  was  necessary  to  enrich  the  plasma  for 
butyrylcholinesterase  before  the  labeled  peptide  could  be  detected  in  the  mas^ 
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spectrometer.  Enrichment  was  achieved  by  partially  purifying  butyrylcholinesterase  from 
1  ml  of  human  plasma. 

•  The  methods  developed  for  analysis  of  soman  exposure  were  applied  to  analysis  of 
plasma  samples  from  patients  poisoned  by  OP  pesticides.  Mass  spectrometry  identified 
dichlorvos  modified  butyrylcholinesterase  and  chlorpyrifos  oxon  modified 
butyrylcholinesterase  in  clinical  samples  from  patients  poisoned  by  OP  pesticides. 

•  Mass  spectrometry  identified  dichlorvos  modified  albumin  in  patients  poisoned  by 
dichlorvos. 


Task  6.  Use  a  second  method,  for  example  enzyme 
activity  assays  or  immunoprecipitation,  to  confirm  the 
identity  of  soman-labeled  proteins  from  plasma. 

SUMMARY 

In  addition  to  mass  spectrometry,  we  used  enzyme  activity  assays,  migration  on  polyacQ'^lamide 
gels,  and  nanoimaging  to  confirm  the  identity  of  soman-labeled  proteins  from  plasma.  Activity 
assays  showed  that  OP  labeling  of  transferrin  did  not  inhibit  transferrin  activity  (Li  et  al.,  2009a). 
On  the  other  hand,  activity  assays  showed  that  OP  labeling  of  butyrylcholinesterase  inhibited 
butyrylcholinesterase  activity  (Li  et  al.,  2008c)  but  did  not  affect  migration  on  polyacrylamide 
gels  (Li  et  al.,  2008c),  a  result  consistent  with  the  scientific  literature.  Nanoimaging  by  atomic 
force  microscopy  was  introduced  for  visualizing  the  effect  of  OP  modification  of  tubulin 
(Grigoryan  and  Lockridge,  2009a).  Chlorpyrifos  oxon  was  used  as  a  surrogate  for  soman  in  the 
nanoimaging  experiments  because  we  do  not  have  soman  in  our  University.!  Pure  bovine  tubulin 
treated  with  various  concentrations  of  chlorpyrifos  oxon  polymerized  to  abnormal  microtubule 
structures.  Low  concentrations  of  chlorpyrifos  oxon  resulted  in  abnormally  short  microtubules 
as  shown  in  Figure  6. IB.  High  concentrations  caused  aggregation  and  depletion  of  associated 
proteins  (Figure  6. 1C  and  6.  ID).  Nanoimages  were  also  acquired  for  microtubules  prepared 
from  tubulin  purified  from  mouse  brain.  Mice  treated  with  low  doses  of  chlorpyrifos  oxon  had 
thin  microtubules  and  few  associated  proteins,  whereas  control  untreated  mice  had  thick 
microtubules  decorated  with  many  proteins  (Jiang  et  al.,  2010).  Nanoimaging  is  a  new  method 
for  demonstrating  the  effect  of  OP  exposure  on  the  brain.  Another  significant  finding  from  the 
study  of  mice  treated  with  low  doses  of  chlorpyrifos  oxon  was  that  the  mice  had  chlorpyrifos 
modified  tubulin  in  their  brains.  Acetylcholinesterase  was  not  inhibited  by  the  low  doses,  yet 
tubulin  was  covalently  modified. 

Attached  are  pdf  files  for  published  papers  related  to  this  task. 

Li  B,  Schopfer  LM,  Grigoryan  H,  Thompson  CM,  Hinrichs  SH,  Masson  P,  Lockridge  O. 
Tyrosines  of  human  and  mouse  transferrin  covalently  labeled  by  organophosphorus  agents:  a 
new  motif  for  binding  to  proteins  that  have  no  active  site  serine.  Toxicol  Sci.  2009 
Jan;107(l):  144-55.  PMID:  18930948. 
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Grigoryan  H,  Lockridge  O.  Nanoimages  show  disruption  of  tubulin  polymerization  by 
chlorpyrifos  oxon:  Implications  for  neurotoxicity.  Toxicol  Appl  Pharmacol.  2009  Oct  15;  240(2): 
143-148.  PMID:  19631231 

Tacal  O,  Lockridge  O.  Methamidophos,  dichlorvos,  0-methoate  and  diazinon  pesticides 
used  in  Turkey  make  a  covalent  bond  with  butyrylcholinesterase  detected  by  mass  spectrometry. 
J  Appl  Toxicol.  2010  Jul;30(5)  469-475.  PMID:  20229498 

Jiang  W,  Duysen  EG,  Hansen  H,  Shlyakhtenko  L,  Schopfer  LM,  Lockridge  O.  Mice 
treated  with  chlorpyrifos  or  chlorpyrifos  oxon  have  organophosphorylated  tubulin  in  the  brain 
and  disrupted  microtubule  structures,  suggesting  a  role  for  tubulin  in  neurotoxicity  associated 
with  exposure  to  organophosphorus  agents.  Toxicol  Sci.  2010  May;115(l):183-93.  PMID: 
20142434 


HH 

Figure  6. 1 .  Effect  of  chlorpyrifos  oxon  (CPO)  on  tubulin  polymerization  visualized  by  atomic 

force  microscopy.  (A)  Control,  5  mg/ml  (91  pM)  bovine  brain  tubulin  polymerized  with  1  ruM 
GTP  in  pH  7.0  buffer  (B)  Pre  treated  with  5  pM  CPO.  (C)  Pretreated  with  25  pM  CPO.  (D) 
Pretreated  with  100  pM  CPO.  The  bar  is  2.5  pm.  Adapted  from  Fig  1  in  (Grigoryan  and 
Lockridge,  2009a). 

Key  accomplishments 

•  Nanoimaging  was  introduced  as  a  method  to  monitor  the  effect  of  OP  toxicants  on  the 
function  of  tubulin  and  microtubules.  Nanoimaging  revealed  stunning  effects  of  the  nerve 
agent  surrogate,  chlorpyrifos  oxon,  on  tubulin  polymerization. 

•  Doses  of  the  nerve  agent  surrogate,  chlorpyrifos  oxon,  that  did  not  inhibit 
acetylcholinesterase,  reacted  with  tubulin  in  the  brains  of  mice  to  yield  OP  modified 
tubulin  detectable  by  mass  spectrometry. 


Task  7.  Determine  the  limit  of  detection  of  soman- 
labeled  proteins  in  human  plasma. 

SUMMARY 

The  goal  was  to  establish  a  method  to  detect  exposure  to  low  levels  of  soman.  Human  plasma 
was  treated  ex  vivo  with  0.01  to  0.18  pM  soman.  The  butyrylcholinesterase  in  1  ml  plasma  was 
purified  by  affinity  chromatography  on  procainamide  gel  followed  by  nondenaturing  gel 
electrophoresis.  The  gel  band  containing  butyrylcholinesterase  (see  Figure  5.1)  was  reduced. 
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carbamidomethylated,  and  digested  with  trypsin.  The  tryptic  peptides  were  analyzed  hy  multiple 
reaction  monitoring  in  a  QTRAP  2000  mass  spectrometer.  Parent/daughter  ion  pairs 
752.8/1001.5  and  752.8/1088.5  and  752.8/1201.6  atomic  mass  units  gave  MSMS  spectra  that 
proved  the  peptide  masses  were  those  of  hutyrylcholinesterase  modified  hy  aged  soman.  A 
representative  MSMS  figure  of  soman  labeled  hutyrylcholinesterase  peptide  is  in  Figure  1.1. 

The  limit  of  detection  was  for  plasma  treated  with  0.01  pM  soman,  a  concentration  which 
inhibited  the  hutyrylcholinesterase  2%.  We  were  unable  to  detect  soman  labeled  albumin  in 
these  plasma  samples. 

These  results  have  not  been  published  because  we  have  no  plasma  from  humans  exposed 
to  soman.  In  lieu  of  humans  exposed  to  soman,  we  have  studied  humans  exposed  to  the 
carbamate  pesticides,  carbofuran  and  Aldicarb,  and  the  OP  pesticides,  dichlorvos  and 
chlorpyrifos  oxon  (Li  et  al.,  2009b;  Li  et  al.,  2010a;  Li  et  al.,  2010b).  We  found  OP  and 
carbamate  adducts  in  the  patients’  plasma  hutyrylcholinesterase  and  OP  adducts  on  the  patients’ 
plasma  albumin. 


KEY  RESEARCH  ACCOMPLISHMENTS 

•  A  new  motif  for  OP  binding  to  proteins  that  have  no  active  site  serine  was  established.  Mass 
spectrometry  conclusively  identified  tyrosine  and  lysine  as  covalent  binding  sites  for  soman, 
sarin,  dichlorvos,  chlorpyrifos  oxon,  diisopropylfluorophosphate,  and  EP-biotin. 

•  OP-tyrosine  adducts  are  stable.  Eor  example,  soman  bound  to  tyrosine  41 1  in  human  albumin 
does  not  lose  the  pinacolyl  group. 

•  The  finding  that  the  OP-tyrosine  adduct  is  stable  suggests  that  antibodies  could  be  made 
against  OP-tyrosine  to  use  for  detection  of  OP  exposure. 

•  Humans  poisoned  by  dichlorvos  have  OP-modified  albumin  in  blood,  detectable  by  mass 
spectrometry. 

•  The  finding  that  tyrosine  41 1  of  albumin  is  modified  by  OP  in  poisoned  humans,  suggests  that 
tyrosine  in  other  proteins  may  also  be  modified.  This  suggests  new  directions  to  search  for  a 
mechanism  to  explain  low  dose  neurotoxicity. 

•  Tubulin  protein  in  the  brains  of  mice  was  modified  by  OP  after  the  mice  had  been  treated  with 
chlorpyrifos  at  doses  that  did  not  inhibit  acetylcholinesterase.  This  suggests  a  mechanism  for 
low  dose  OP  neurotoxicity  independent  of  acetylcholinesterase  inhibition. 

•  A  mass  spectrometry  method  called  multiple  reaction  monitoring  was  developed  that 
successfully  identifies  OP-modified  hutyrylcholinesterase  in  plasma  from  humans  poisoned  by 
OP. 
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CONCLUSIONS 

Our  mass  spectrometry  results  contradict  the  dogma  that  serine  esterases  and  serine  proteases  are 
the  only  class  of  proteins  modified  by  exposure  to  OP.  We  have  identified  12  proteins  that  are 
labeled  by  OP.  The  significance  of  this  finding  is  in  diagnosis  of  OP  exposure.  It  now  becomes 
possible  to  look  for  several  proteins  in  human  tissues,  in  addition  to  butyrylcholinesterase  and 
acetylcholinesterase,  for  evidence  of  OP  exposure.  In  vivo  exposure  of  humans  to  the  pesticides 
carbofuran,  aldicarb,  dichlorvos,  and  chlorpyrifos  was  identified  using  the  multiple  reaction 
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monitoring  function  of  the  QTRAP  mass  spectrometer.  The  limit  of  detection  after  exposure  to 
soman  was  determined  to  be  a  dose  that  inhibited  plasma  butyrylcholinesterase  2%.  Mass 
spectrometry  detected  OP-modified  tubulin  in  the  brains  of  mice  treated  with  a  low  dose  of 
chlorpyrifos  that  did  not  inhibit  acetylcholinesterase.  This  finding  suggests  new  directions  to 
search  for  a  mechanism  to  explain  neurotoxicity  from  low  dose  OP  exposure. 
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Abstract:  Hunnan  butyrylcholinesterase  (hBChE)  hydrolyzes  or  scavenges  a  wide  range  of  toxic  esters, 
including  heroin,  cocaine,  carbannate  pesticides,  organophosphorus  pesticides,  and  nerve  agents. 
Organophosphates  (OPs)  exert  their  acute  toxicity  through  inhibition  of  acetylcholinesterase  (AChE)  by 
phosphylation  of  the  catalytic  serine.  Phosphylated  cholinesterase  (ChE)  can  undergo  a  spontaneous,  tinne- 
dependent  process  called  “aging”,  during  which  the  OP-ChE  conjugate  is  dealkylated.  This  leads  to 
irreversible  inhibition  of  the  enzyme.  The  inhibition  of  ChEs  by  tabun  and  the  subsequent  aging  reaction 
are  of  particular  interest,  because  tabun-ChE  conjugates  display  an  extraordinary  resistance  toward  most 
current  oxime  reactivators.  We  investigated  the  structural  basis  of  oxime  resistance  for  phosphoramidated 
ChE  conjugates  by  determining  the  crystal  structures  of  the  non-aged  and  aged  forms  of  hBChE  inhibited 
by  tabun,  and  by  updating  the  refinement  of  non-aged  and  aged  tabun-inhibited  mouse  AChE  (mAChE). 
Structures  for  non-aged  and  aged  tabun-hBChE  were  refined  to  2.3  and  2.1  A,  respectively.  The  refined 
structures  of  aged  ChE  conjugates  clearly  show  that  the  aging  reaction  proceeds  through  0-dealkylation 
of  the  P{R)  enantiomer  of  tabun.  After  dealkylation,  the  negatively  charged  oxygen  forms  a  strong  salt 
bridge  with  protonated  His438N62  that  prevents  reactivation.  Mass  spectrometric  analysis  of  the  aged  tabun- 
inhibited  hBChE  showed  that  both  the  dimethylamine  and  ethoxy  side  chains  were  missing  from  the 
phosphorus.  Loss  of  the  ethoxy  is  consistent  with  the  crystallography  results.  Loss  of  the  dimethylamine  is 
consistent  with  acid-catalyzed  deamidation  during  the  preparation  of  the  aged  adduct  for  mass  spectrometry. 
The  reported  3D  data  will  help  in  the  design  of  new  oximes  capable  of  reactivating  tabun-ChE  conjugates. 


Introduction 

Acetylcholinesterase  (AChE;  EC  3. 1.1.7)  and  butyrylcho¬ 
linesterase  (BChE;  EC  3. 1.1.8)  are  closely  related  serine 
hydrolases  with  different  substrate  specificities  and  inhibitor 
sensitivities.  AChE  terminates  the  action  of  the  neurotransmitter 
acetylcholine  at  postsynaptic  membranes  and  neuromuscular 
junctions.  Although  BChE  is  present  in  numerous  vertebrate 
tissues,  its  physiological  role  remains  unclear. 

Human  butyrylcholinesterase  (hBChE)  is  toxicologically 
relevant  because  it  hydrolyzes  or  scavenges  a  wide  range  of 
toxic  esters,  including  heroin,  cocaine,  carbamate  pesticides, 
organophosphorus  pesticides,  and  nerve  agents.^  Organophos¬ 
phates  (OPs)  exert  their  acute  toxicity  through  inhibition  of 
AChE  by  phosphylation  of  the  catalytic  serine.  Subsequent 
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accumulation  of  acetylcholine  at  neuronal  synapses  and  neu¬ 
romuscular  junctions  results  in  paralysis,  seizures,  and  other 
symptoms  of  cholinergic  syndrome.^’^ 

Phosphylated  ChEs  can  be  reactivated  by  nucleophilic  agents 
such  as  oximes.  The  most  effective  oximes  used  for  emergency 
treatment  of  nerve  agent  poisoning  are  the  monopyridinium 
oximes  (2-PAM  and  HI-6)  and  bispyridinium  oximes  (TMB-4, 
MMB-4,  obidoxime,  and  HLo-7).^  Kinetic  analysis  of  the 
interactions  between  different  AChE-OP  conjugates  and  dif¬ 
ferent  oximes  shows  that  the  most  effective  oximes  are  HLo-7 
for  phosphonylated  AChE  and  obidoxime  for  phosphorylated 
AChE.^  Unfortunately,  a  universal  antidote,  efficient  against  all 
known  nerve  agents  and  capable  of  crossing  the  blood— brain 
barrier,  is  not  yet  available. 

Subsequent  to  formation  of  the  OP— ChE  adduct,  the  phos¬ 
phylated  ChEs  can  undergo  a  spontaneous,  time-dependent 
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process  called  “aging”,  during  which  the  OP— ChE  conjugate 
is  dealkylated.  This  leads  to  irreversibly  inhibited  enzyme7~^® 
The  rate  of  aging  depends  on  the  nature  of  the  OP.  The  tm  is 
a  few  minutes  for  ChE  inhibited  by  soman^^  and  several  hours 
for  ChE  inhibited  by  tabun.^^ 

Early  studies  showed  that  tabun-inhibited  ChEs  from  different 
animals  display  different  rates  of  aging. The  rate  constant  for 
aging  of  tabun-inhibited  human  AChE  (hAChE)  in  vitro  was 
found  to  be  8.7  x  10“"^  min“^  (i.e.,  tm  =13.3  h)  at  37°  and  pH 
lA}'^ 

Inhibition  of  ChEs  by  tabun  and  the  subsequent  aging  reaction 
are  of  particular  interest,  because  tabun— ChE  conjugates  display 
an  extraordinary  resistance  toward  most  oxime  reactivators.  As 
tabun  is  racemic,  the  two  enantiomers,  P(/?)  and  P(5'),  can  react 
with  the  enzyme  and  form  adducts  with  different  stereochem¬ 
istry.  These  adducts  could  respectively  age  through  “dealkyla¬ 
tion”  or  “deamination”  (Eigure  1). 

Mass  spectrometry  (MS)  studies  on  the  aging  of  hAChE 
inhibited  by  tabun  suggested  that  the  mechanism  involved  a 
P— N  bond  cleavage  and  elimination  of  the  dimethylamine 
group.  Intriguingly,  the  2.5  A  crystal  structure  of  non-aged 
Mus  musculus  AChE  (mAChE)  inhibited  by  tabun  suggested 
that  the  ethoxy  moiety  is  placed  close  to  the  catalytic  His447, 
with  the  dimethylamine  group  distant  from  catalytic  residues 
able  to  facilitate  the  aging  reaction.  In  the  structure,  the  His447 
and  Phe338  side  chains  have  undergone  a  structural  change 
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relative  to  the  conformation  found  in  the  apoenzyme  structure. 
The  authors  proposed  that  this  displacement  might  interfere  with 
the  accessibility  of  oximes,  thereby  contributing  to  the  high 
resistance  of  tabun  conjugates  to  reactivators. 

Kinetic  analysis  of  the  oxime-induced  reactivation  and  aging 
of  hAChE  inhibited  by  various  tabun-related  A-monoalkyl 
phosphoramidates  showed  that  the  rate  constants  for  both  were 
dependent  on  the  length  of  the  A-alkyl  chain. 

In  order  to  better  understand  the  structural  basis  of  both  the 
oxime  resistance  of  the  conjugates  and  the  aging  mechanism 
of  tabun-inhibited  ChEs,  we  analyzed  peptides  from  tabun— 
hBChE  by  MS,  determined  the  crystal  structures  of  non-aged 
and  aged  forms  of  hBChE  inhibited  by  tabun,  and  updated  the 
previous  crystal  structure  model  of  tabun— mAChE.  The  X-ray 
structures  will  help  in  the  design  of  new  oximes  capable  of 
reactivating  tabun— ChEs  conjugates. 

Materials  and  Methods 

Caution:  As  tabun  is  highly  toxic  and  is  classified  as  a  schedule 
1  chemical  as  defined  in  the  Chemical  Weapons  Convention,  all 
work  with  tabun  is  regulated  by  the  convention.  The  handling  of 
tabun  is  dangerous  and  requires  suitable  personal  protection, 
training,  and  facilities. 

Titration  of  Tabun  by  lonometry  and  NMR.  Racemic  tabun 
in  solution  in  2-propanol  was  from  CEB  (Vert-le-Petit,  France). 
^^P,  ^H,  and  ^^C  NMR  spectra  for  tabun  in  2-propanol  were 
recorded  to  determine  its  purity  and  integrity.  After  complete 
hydrolysis  at  pH  13.6,  tabun  was  titrated  by  ionometry  using  a 
thermostatted  ionometer  (Radiometer  lONcheck  45)  equipped  with 
an  ion- selective  electrode  for  cyanide  (Radiometer  Analytical 
ISE25CN-9),  as  described  by  the  electrode  provider. 

Production  of  Recombinant  hBChE.  The  recombinant  hBChE 
was  a  truncated  monomer  containing  residues  1—529.^^  The  45- 
amino  acid  tetramerization  domain  at  the  carboxy  terminus  was 
deleted.  The  carbohydrate  content  was  reduced  by  site-directed 
mutagenesis  from  nine  to  six  glycans.^^  The  recombinant  hBChE 
gene  was  expressed  in  Chinese  hamster  ovary  (CHO)  cells.  The 
enzyme,  secreted  into  serum-free  culture  medium,  was  purified  by 
affinity  and  ion-exchange  chromatographies  and  crystallized  as 
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described/^  The  active-site  concentration  of  highly  purified  enzyme 
was  determined  using  diisopropyl  fiuorophosphate  as  the  titrant/^ 

Production  of  Recombinant  hAChE.  The  recombinant  L544Stop 
mutant  of  human  AChE  (monomeric)  was  inserted  into  a  pGS 
vector  carrying  the  glutamine  synthetase  gene  marker.  CHO-Kl 
cells  were  maintained  in  serum-free  Ultraculture  Medium  (Bio- 
Whittaker).  Cells  were  transfected  using  DNA— calcium  phosphate 
precipitation.  Transfected  clones  were  selected  by  incubation  in 
media  containing  methionine  sulfoximide.  When  cell  death  sub¬ 
sided,  individual  clones  were  manually  transferred  to  24  well  plates. 
Clones  with  high  expression  of  AChE  were  expanded  and  trans¬ 
ferred  to  roller  bottles  for  large-scale  protein  production.  The  used 
growth  media  contained  up  to  30  mg  of  hAChE  per  liter.  Protein 
was  precipitated  from  the  media  by  ammonium  sulfate.  The  pellets 
were  dialyzed  against  20  mM  Tris-HCl  buffer,  pH  7.4,  and  loaded 
onto  an  affinity  column  (Sepharose-4B/procainamide).  Human 
AChE  was  eluted  with  20  mM  Tris-HCl  buffer,  pH  7.4,  containing 
1  M  NaCl,  0.5  M  tetramethylammonium  iodide,  and  1  mM 
decamethonium  chloride.  The  enzyme  was  dialyzed  against  20  mM 
Tris-HCl  buffer,  pH  7.4,  and  further  purified  by  ion-exchange 
chromatography  (monoQ;  Amersham  Bio  science)  on  a  fast  protein 
liquid  chromatography  system  (Pharmacia).  Eractions  containing 
high  hAChE  activity  were  pooled  and  concentrated  using  a 
Centricon-30  ultrafiltration  microconcentrator  (30  000  MW  cutoff, 
from  Amicon).  The  concentration  of  the  pure,  homogeneous  hAChE 
was  determined  from  its  absorbance  at  280  nm  using  €i  mg/mL  = 
1.7.^® 

Inhibition  of  hChEs  by  Tabun.  Phosphylation  rates  were 
determined  by  incubating  the  ChE  with  different  concentrations  of 
tabun  in  50  mM  sodium  phosphate  buffer,  pH  7.0,  containing  5% 
2-propanol  and  1  mg/mL  bovine  serum  albumin  (BSA)  and 
measuring  the  enzyme  residual  activity  of  aliquots  at  various  times 
after  initiation  of  inhibition  at  25  °C.  Human  ChE  activities  were 
assayed  according  to  Ellman^^  with  1  mM  butyrylthiocholine  for 
hBChE  and  0.75  mM  acetylthiocholine  (ATC)  for  hAChE  in  the 
presence  of  1  mg/mL  BSA,  0.5  mM  5,5'-dithiobis(2-nitrobenzoic- 
acid),  and  50  mM  sodium  phosphate  buffer,  pH  7.0,  at  25  °C  using 
a  Uvikon943  spectrophotometer.  The  stability  of  tabun  under  the 
assay  conditions  was  verified  by  ionometry  (measurement  of  CN^ 
release)  and  by  testing  the  invariant  ability  of  tabun  solution  to 
inhibit  hBChE  as  a  function  of  time.  No  significant  spontaneous 
hydrolysis  of  tabun  was  observed  after  more  than  10  h  of  incubation. 
Analysis  of  the  kinetic  data  was  performed  using  GOSA-fit,  a  fitting 
software  based  on  a  simulated  annealing  algorithm  (BioLog, 
Toulouse,  France;  http://www.bio-log.biz). 

Cholinesterases  are  well-known  to  favor  one  stereoisomer  over 
another.  Therefore,  it  is  prudent  to  analyze  the  tabun  inhibition 
kinetics  as  if  the  ChE  were  behaving  in  a  stereoselective  manner. 
The  rate  of  dissociation  of  the  ChE— tabun  adduct  is  slow  relative 
to  its  rate  of  formation;  therefore,  the  phosphylation  reaction  can 
be  treated  as  an  irreversible  process  for  analytical  purposes. 

Irreversible  inhibition  by  a  racemic  inhibitor  {R,S)  can  be 
described  by  Scheme  1.  The  apparent  bimolecular  phosphylation 
rate  constants  (ki  =  kui  hs,  see  Scheme  1)  determined  under 
pseudo-first-order  conditions  ([tabun]  >  20[hChE])  were  computed 
from  the  slopes  of  In  E  vs  time  plots  at  different  tabun  concentrations. 

Determination  of  inhibition  enantioselectivity  was  performed 
under  second-order  conditions.  The  concentration  of  hBChE  was 
31.5  nM,  while  that  of  tabun  ranged  between  25  and  200  nM.  The 
concentration  of  hAChE  was  7.4  nM,  while  that  of  tabun  ranged 
between  5  and  150  nM.  Assuming  that  the  enzymes  were  enanti- 
o selective,  with  one  enantiomer  much  more  efficient  than  the  other 
(i.e,  k\R  »  hs),  the  fraction  of  enzyme  inhibited  by  the  lowest  active 
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Scheme  1^ 


E  is  the  enzyme,  L  is  the  R  enantiomer,  L  is  the  S  enantiomer,  E-L 
and  E-L  are  the  conjugates,  and  kiR  and  hs  are  the  bimolecular  rate  constants. 

enantiomer  is  negligible,  and  the  concentration  of  residual  active 
enzyme  follows  eq  1  (derived  from  Scheme  1)  as  a  function  of 
time: 

E  =  E _ _  (1) 

-  (V«) 

where  E  is  the  concentration  of  residual  active  enzyme  at  time  t, 
Eq  the  concentration  of  enzyme  at  time  t  =  0,  Iq  the  concentration 
of  racemic  inhibitor  ait  =  0,n  the  number  of  enantiomers,  and  ky? 
the  bimolecular  rate  constant  of  the  most  active  enantiomer  (taken 
to  be  enantiomer  R  in  this  case). 

Tabun-Inhibited  hBChE  Samples  for  Mass  Spectrometry. 
Human  BChE  was  reacted  with  tabun  in  H2^^0.  Oxygen- 18  was 
used  so  that  the  mechanism  of  dealkylation  during  aging  could  be 
more  clearly  defined.  Evidence  from  the  crystal  structure  of  aged 
tabun-inhibited  hBChE  indicates  that  aging  involves  dealkylation 
of  the  ethoxy  moiety.  This  reaction  requires  hydrolysis  of  the 
P— O— C  linkage.  In  principle,  such  a  hydrolysis  could  occur  by 
cleavage  of  the  P—0  bond  or  the  O— C  bond.  In  the  former  case, 
a  hydroxyl  from  water  would  replace  the  ethoxy.  In  the  latter  case, 
a  hydroxyl  from  water  would  add  to  the  ethyl,  leaving  the  original 
oxygen  on  the  phosphorus.  By  using  H2^^0,  the  site  of  cleavage 
can  be  distinguished.  If  hydrolysis  is  at  the  O— C  bond,  the  mass 
of  the  phosphorus  component  will  refiect  the  presence  of  the  original 
If  the  hydrolysis  is  at  the  P—0  bond,  the  phosphorus 
component  will  gain  an  from  the  medium  and  its  mass  will 
increase  by  2  amu.  This  strategy  was  employed  by  Li  et  al.  to 
characterize  the  aging  reactions  for  a  variety  of  hBChE— OP 
adducts.^^ 

For  the  inhibition  reaction,  10  juL  of  recombinant  hBChE  (13 
mg/mL  in  15  mM  2-(A-morpholino)ethanesulfonic  acid  (MBS) 
buffer  at  pH  6.5)  was  mixed  with  90  mL  of  H2^^0,  1  mL  of  1  M 
Tris  buffer  at  pH  8.5,  and  1  mL  of  tabun  (10  mg/mL  in  2-propanol). 
Samples  for  analysis  of  the  non-aged  adduct  were  frozen  to  —80 
°C  shortly  after  preparation.  Samples  for  analysis  of  the  aged  adduct 
were  incubated  at  room  temperature  for  2  days,  after  which  the 
preparation  was  stored  at  —80  °C  until  use.  Final  concentrations 
of  hBChE  and  tabun  were  15  and  720  mM,  respectively.  Unlabeled 
hBChE  was  treated  in  the  same  manner,  except  that  the  tabun  was 
omitted. 

To  prepare  peptides  for  MS,  frozen  samples  were  thawed  and 
50  mL  of  sample  was  mixed  with  50  mL  of  25  mM  ammonium 
bicarbonate  buffer  at  pH  8.3.  The  mixture  was  concentrated  to  about 
20  mL  by  centrifugation  at  6700g  using  a  Microcon  YM-3 
ultrafiltration  microconcentrator  (3000  MW  cutoff,  from  Millipore). 
The  process  was  repeated  five  times  to  remove  the  H2^^0  and  excess 
tabun  and  to  change  the  buffer.  The  product  was  diluted  to  50  mL 
with  25  mM  ammonium  bicarbonate,  mixed  with  porcine  trypsin 
(0.5  mg/mL  from  Promega)  to  a  final  hBChE/trypsin  ratio  of  30:1 
(w/w),  and  incubated  overnight  at  room  temperature  with  constant. 
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J.  AM.  CHEM.  SOC.  ■  VOL  130,  NO.  47,  2008  16013 


ARTICLES 


Carletti  et  al. 


gentle  mixing.  Peptides  were  concentrated  and  washed  using 
ZipTips  (Millipore),  as  described  in  the  sections  on  MALDI-TOF 
mass  spectrometry  and  Q-Trap  mass  spectrometry. 

MALDI-TOF  Mass  Spectrometry.  MALDI-TOF  MS  experi¬ 
ments  were  performed  on  an  Applied  Biosystems  Voyager  DE- 
PRO  mass  spectrometer  equipped  with  a  337  nm  pulsed  nitrogen 
laser  (Framingham,  MA).  Peptides  that  had  been  adsorbed  onto  a 
reverse-phase  C-18  ZipTip  were  eluted  into  a  microcentrifuge  tube 
with  15  of  60%  acetonitrile  and  0.1%  trifluoroacetic  acid  (TFA). 
One  microliter  of  eluant  was  mixed  1:1  (v/v)  with  a-cyano-4- 
hydroxy cinnamic  acid  (matrix,  10  mg/mL  in  50%  acetonitrile  and 
0.3%  TFA)  on  the  MALDI  target  plate  and  allowed  to  dry  at  room 
temperature.  Mass  spectra  were  acquired  in  positive-ion,  linear  mode 
under  delayed  extraction  conditions,  using  an  acceleration  voltage 
of  20  kV.  Laser  intensity  was  adjusted  so  that  the  most  intense  ion 
in  the  spectrum  did  not  exceed  80%  of  the  maximum,  saturated 
intensity  value.  Laser  positioning  on  the  sample  spot  was  monitored 
with  a  video  camera.  Spectra  shown  are  the  average  of  500  laser 
shots  collected  from  multiple  locations  on  the  target  spot.  Calibra¬ 
tion  for  the  mass  spectra  was  performed  internally  by  reference  to 
hBChE  tryptic  fragments.  The  sequence  of  hBChE  (accession  no. 
gi:  158429457)  was  obtained  from  the  NCBInr  database.  The 
reference  masses  of  the  tryptic  hBChE  peptides  were  obtained  using 
the  MS-Digest  feature  of  ProteinProspector  version  4.0.6  (http:// 
prospector.ucsf.edu/). 

Q-Trap  Mass  Spectrometry.  The  amino  acid  sequence  of  the 
aged  peptide  from  tabun-inhibited  hBChE  was  determined  by 
collision-induced  dissociation  in  a  QTrap  2000,  hybrid,  tandem- 
quadrupole,  linear-ion  trap  mass  spectrometer  equipped  with  a 
nanospray  interface  (Applied  Biosystems).  The  spectrometer  was 
calibrated  daily  on  selected  fragments  from  the  MSMS  spectrum 
of  [Glujfibrinopeptide  B.  Tryptic  peptides  from  tabun-inhibited 
hBChE  (25  juL  total  volume)  were  subjected  to  ZipTip  cleanup  to 
remove  salts  before  they  were  delivered  into  the  QTrap.  Ten 
microliters  of  an  80%  acetonitrile  and  0.1%  formic  acid  solution 
was  used  to  elute  the  peptides  from  the  ZipTip.  Two  25-/^L  aliquots 
were  cleaned  and  the  eluents  combined.  Eight  microliters  of  the 
peptide  solution  was  introduced  into  the  mass  spectrometer  by  static 
infusion  using  an  Econo  12  emitter  (New  Objective,  Woburn,  MA). 
The  ion  spray  voltage  was  1300  V  (which  creates  a  voltage  dif¬ 
ferential  of  1300  V  between  the  emitter  and  the  curtain  plate).  The 
emitter  position  was  optimized  to  obtain  maximum  signal  intensity. 
All  mass  spectra  were  collected  in  the  enhanced  mode,  i.e.,  using 
the  ion  trap,  and  by  convention  are  referred  to  as  enhanced  spectra. 
Enhanced  product  ion  (EPI)  spectra  were  obtained  using  low-energy 
collision-induced  dissociation.  The  collision  cell  was  pressurized 
to  40  /^Torr  with  pure  nitrogen.  The  collision  energy  was  40  V. 
The  trap  fill  time  for  each  EPI  scan  was  20  ms.  A  total  of  200  EPI 
scans  were  accumulated  to  generate  the  final  EPI  spectrum.  The 
EPI  spectra  were  manually  analyzed  to  determine  the  sequence  of 
the  peptide. 

Crystals  of  Non-aged  Tabun-inhibited  hBChE  Conjugate. 

The  mother  liquor  was  0.1  M  MES  buffer,  pH  6.5,  with  2.1  M 
ammonium  sulfate.  The  tabun  stock  solution  was  10  mM  in 
2-propanol.  The  tabun— hBChE  conjugate  was  prepared  by  soaking 
crystals  for  10  min  in  0.1  M  MES  buffer,  pH  6.5,  with  2.1  M 
ammonium  sulfate  containing  1  mM  tabun.  The  crystals  were 
washed  with  a  cryoprotectant  solution  (0.1  M  MES  buffer  with 
2.1  M  ammonium  sulfate,  containing  20%  glycerol)  and  then  fiash- 
cooled  in  liquid  nitrogen. 

Crystallization  of  Aged  Tabun— hBChE  Conjugate.  The 

purified  enzyme  (9  mg/mL)  was  inhibited  in  the  presence  of  1  mM 
tabun  in  10  mM  Tris-HCl  buffer,  pH  7.4.  The  reaction  mixture 
was  incubated  for  1  day  at  4  °C.  The  inhibited  enzyme  was 
crystallized  using  the  hanging  drop  method  as  described.^^  Crystals 
grew  in  1  week  at  20  °C.  The  length  of  time  between  phosphylation 


(23)  Nicolet,  Y.;  Lockridge,  O.;  Masson,  P.;  Fontecilla-Camps,  J.  C.; 
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and  data  collection  was  sufficiently  long  (>1  week)  to  achieve 
completion  of  the  aging  reaction. 

X-ray  Data  Collection  and  Structure  Solution  of  Tabun— 
hBChE  Conjugate.  Diffraction  data  were  collected  at  the  European 
Synchrotron  Radiation  Eacility  (ESRE,  Grenoble,  Erance),  at  the 
ID14-eh2  beam  line  using  X  =  0.932  A  wavelength  with  ADSC 
Quantum  4  for  non-aged  conjugate,  and  at  the  ID23-2  beam  line 
using  A  =  0.873  A  wavelength  with  MAR-Research  CCD  detector 
for  aged  conjugate.  All  data  sets  were  processed  with  XDS.  The 
structures  were  solved  by  use  of  the  CCP4  suite.^^  An  initial 
solution  model  was  determined  by  molecular  replacement  with 
MolRep,^^  starting  from  the  recombinant  hBChE  structure  (PDB 
entry  IPOI)  from  which  all  ligands  (butyrate,  glycerol,  ions)  and 
glycan  chains  were  removed.  Eor  all  diffraction  data  sets,  the  model 
was  refined  as  follows:  an  initial  rigid-body  refinement  with 
REEMAC5^^  was  followed  by  iterative  cycles  of  model  building 
with  Coot,^^  and  then  restrained  refinement  was  carried  out  with 
REFMAC5  and  Phenix.^^  The  bound  ligands  and  their  descriptions 
were  built  using  the  Dundee  PRODRG2.5  server  including  energy 
minimization  using  GROMOS96.1  force  field. 

Updated  Refinement  of  Aged  and  Non-aged  Tabun-inhibited 
mAChE.  Coordinates  and  structure  factors  of  non-aged  (PDB  entry 
2C0Q)  and  aged  (PDB  entry  2C0P)  tabun-inhibited  mouse  AChE 
were  retrieved  from  the  Protein  Data  Bank.  The  models  were  refined 
by  iterative  cycles  of  model  building  with  Coot  and  restrained 
refinement  with  REPMAC5  and  Phenix. 

Results 

Inhibition  of  Human  Cholinesterases  by  Tabun.  The  bimo- 
lecular  rate  constants,  for  inhibition  of  hAChE  and  hBChE 
by  racemic  tabun  are  respectively  (3.0  d=  0.4)  x  10^  and  (2.0 
di  0.2)  X  10^  M“^*min“^  (data  not  shown).  These  values  are 
in  agreement  with  reported  literature  values. 

The  time  dependence  of  the  inhibition  of  hAChE  and  hBChE 
by  tabun,  under  second-order  conditions,  is  shown  in  Figure  2. 
Both  human  ChEs  are  enantio selective.  Fitting  the  AChE  data 
to  eq  1  yields  k^R  =  (6.9  ±  0.2)  x  10^  M“^'min“^  and  n  =  2.1 
zb  0. 1.  This  corresponds  to  enantio  selectivity  of  hAChE  for  one 
enantiomer  of  tabun.  For  hBChE,  fitting  yields  kiR  =  (6.0  zb 
0.4)  X  10^  M“^*min“^  and  n  =  2.7  zb  0.1.  The  latter  n  value 
also  suggests  an  enantioselectivity  of  hBChE.  However,  the  fact 
that  more  than  2  equiv  of  tabun  was  required  to  achieve  full 
enzyme  inhibition  is  puzzling.  The  value  n  =  2.7  was  systemati¬ 
cally  found  for  inhibition  of  both  highly  purified  tetrameric 
plasma  BChE  and  monomeric  recombinant  BChE.  Because  both 
tabun  and  BChE  preparations  were  accurately  titrated,  and 
because  no  spontaneous  hydrolysis  of  tabun  was  observed  in 
buffer,  a  tentative  hypothesis  is  that  hydrolysis  of  tabun  was 
promoted  by  a  BChE  nucleophile  group  other  than  Seri 98.  This 
requires  further  investigations. 

Mass  Spectrometry  Analysis  of  Tabun— hBChE  Adducts.  The 
initial  reaction  of  hBChE  with  tabun  is  expected  to  result  in 
formation  of  a  covalent  adduct  with  loss  of  the  CN  moiety  from 
tabun.  This  would  cause  the  mass  of  the  singly  charged,  active- 
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Figure  2.  Irreversible  inhibition  of  hAChE  (A)  and  hBChE  (B)  by  racemic  tabun  under  second-order  conditions.  Human  ChEs  were  inhibited  by  various 
concentrations  of  tabun,  and  the  residual  active  concentration  of  enzyme  was  monitored  as  a  function  of  time. 


Figure  3.  Mass  spectra  of  tryptic  digests  of  hBChE  with  and  without  tabun.  Spectra  were  taken  in  linear  mode  on  a  MALDI-TOF  mass  spectrometer. 
Peptides  were  prepared  and  MALDI-TOF  mass  spectra  were  taken  as  described  in  the  methods  section.  The  upper  panel  is  for  unlabeled  hBChE.  It  was 
internally  calibrated  using  the  average  masses  for  hBChE  peptides  at  3482.07  (residues  148—180)  and  3034.59  amu  (residues  428—452).  The  lower  panel 
is  for  the  aged  tabun— hBChE  adduct.  The  peak  labeled  “Aged  Adduct-27  amu”  is  the  peak  for  tabun— hBChE  after  loss  of  the  dimethylamine  and  ethoxy 
groups.  It  was  internally  calibrated  using  the  hBChE  peptides  at  3482.07  (residues  148—180),  3050.59  (residues  428—452  with  one  oxidized  methionine), 
and  3034.59  amu  (residues  428—452).  Calibration  was  performed  using  peak  height  as  a  weighting  factor. 


site,  tryptic  peptide  to  increase  by  135  amu,  from  2930.3  to 

3065.3  amu  (average  masses).  This  transformation  is  evident 
in  the  MALDI-TOF  mass  spectra  shown  in  Figure  3,  where  the 
tryptic  digest  of  unlabeled  hBChE  (upper  panel)  shows  a 
prominent  peak  at  2930.34  amu  and  no  mass  at  3065  amu,  while 
the  tryptic  digest  of  the  non-aged  tabun— hBChE  adduct  (lower 
panel)  shows  no  mass  at  2930  amu  and  a  distinct  mass  at 
3065.86  amu. 

Following  its  initial  formation,  the  tabun— hBChE  adduct  will 
age.  Aging  would  be  expected  to  result  in  loss  of  either  a 
dimethylamine  or  an  ethoxy  group.  Such  losses  would  lead  to 
reduction  in  the  mass  of  the  active-site  peptide  adduct  to  either 

3038.3  (for  loss  of  dimethylamine)  or  3037.3  amu  (for  loss  of 


ethoxy).  Neither  of  these  masses  was  detected  in  the  MALDI- 
TOE  mass  spectra  for  the  aged  tabun— hBChE  adduct.  The  large 
peak  at  3034  amu  (from  hBChE  peptide  residues  428—452) 
could  obscure  peaks  of  small  intensity  at  3037  or  3038  amu. 
However,  high-resolution,  reflector-mode  MALDI-TOF  spectra 
showed  that  the  peak  at  3034  amu  (average  mass)  was  composed 
only  of  isotopes  from  a  3032  amu  monoisotopic  mass.  There 
was  no  evidence  in  the  isotopic  pattern  for  additional  mass  at 
3037  or  3038  amu.  This  finding  was  unexpected  since  the 
tabun— hBChE  adduct  had  been  allowed  to  age  for  several  days 
before  digestion  and  aged  product  should  have  been  present. 

Comparison  of  the  two  mass  spectra  in  Eigure  3  reveals  a 
shift  in  the  mass  of  the  3008  amu  peak  in  unlabeled  hBChE  to 
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Figure  4.  Tandem  mass  spectrum  (MSMS)  of  the  putative  aged  tabun- 
labeled  active-site  peptide  from  hBChE.  An  MSMS  spectrum  was  taken  of 
the  753.4  m/z,  quadruply  charged  form  of  the  3010  amu  ion  using  the  QTrap 
2000  hybrid  tandem-quadrupole,  linear  ion-trap  mass  spectrometer.  The 
x-axis  is  divided  into  two  intensity  ranges.  For  masses  from  400  to  1500 
m/z,  the  intensity  of  the  data  has  been  expanded  6.7-fold.  The  intensities 
for  this  region  are  given  in  counts  per  second  (cps)  on  the  scale  to  the 
right.  For  masses  from  50  to  350  m/z,  the  intensities  are  given  in  cps  on 
the  scale  to  the  left.  Selected  y-  and  b-ions  that  are  characteristic  of  hBChF 
active- site  peptide  are  indicated.  The  amino  acid  sequence  corresponding 
to  the  y-ion  series  is  indicated  by  single-letter  abbreviations  for  the  amino 
acids.  The  spots  indicate  the  437.3  and  501.4  amu  fragments;  see  the  text 
for  a  description  of  these  fragments. 

3010  amu  in  the  aged  tabun— hBChE  sample.  The  3008  amu 
mass  is  consistent  with  the  mass  of  a  tryptic  peptide  from  hBChE 
(residues  549—570  having  one  oxidized  methionine).  The  3010 
amu  mass  appeared  repeatedly  in  the  spectra  of  aged  tabun— 
hBChE.  A  mass  of  3010  amu  would  be  consistent  with  loss  of 
both  the  dimethylamine  and  the  ethoxy  groups  from  the  tabun 
adduct,  leaving  phosphate  (added  mass  of  80  amu)  attached  to 
the  active- site  peptide. 

Justification  for  the  loss  of  both  substituents  can  be  made. 
The  crystallography  results  indicate  that  the  ethoxy  group  is 
lost  through  the  aging  process.  Hydrolysis  of  dimethylamine 
from  tabun  is  known  to  occur  at  low  pH.^^  During  preparation 
of  peptides  for  positive-mode  MALDI-TOE  mass  spectrometry, 
samples  were  routinely  exposed  to  0.1%  TEA.  Thus,  loss  of 
the  dimethylamine  could  occur.  The  combination  would  have 
resulted  in  reduction  of  the  tabun  adduct  to  a  phosphate  adduct. 

Confirmation  of  the  identity  of  the  3010  amu  mass  was 
obtained  by  tandem  mass  spectrometry.  Tryptic  peptides  from 
hBChE  were  infused  into  a  QTrap  2000  tandem-quadrupole 
mass  spectrometer.  A  mass  equal  to  the  quadruply  charged  form 
of  the  3010  amu  ion  was  observed  at  753.4  miz.  This  mass  was 
subjected  to  collision-induced  dissociation  in  the  mass  spec¬ 
trometer.  The  resulting  MSMS  mass  spectrum  was  consistent 
with  that  of  the  active-site  peptide  from  hBChE  (Eigure  4). 

The  sequence  of  the  active- site  peptide  is  SVTLFGESA- 
GAASVSLHLLSPGSHSLETR,  where  the  bold-type  S  at  posi¬ 
tion  8  is  the  serine  that  is  expected  to  be  labeled.  A  singly 
charged,  y-ion  series  identical  to  the  C-terminal  portion  of  the 
active-site  peptide,  HLLSPGSHSL(FTR),  was  clearly  defined 
in  the  MSMS  spectrum.  Singly  charged  fragments  from  the 
N-terminal  were  also  found  (a2  at  159.1  amu  for  SV  minus 
CO,  b2  at  187.2  amu  for  SV,  b3  at  288.1  amu  for  SVT,  and  b3 
minus  water  at  270.1  amu).  Most  convincing,  however,  were 
two  doubly  charged  masses,  at  437.3  and  501.4  m/z,  which  are 
consistent  with  phosphoserine  fragments  b9^^  (SVTLFGESA) 
and  bll^^  (SVTLFGESAGA)  that  have  lost  98  amu.  Both 
fragments  include  the  labeled  serine.  Loss  of  98  amu  from  a 
phosphoserine  is  a  commonly  observed  consequence  of  colli- 
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sion-induced  dissociation.  It  represents  loss  of  the  phosphate 
(—80  amu)  and  transformation  of  the  serine  into  dehydroalanine 
(—18  amu). 

Thus,  both  the  MALDI-TOE  and  tandem  mass  spectrometry 
results  are  consistent  with  the  presence  of  a  phosphoserine- 
containing,  active-site  peptide  in  the  aged  form  of  tabun-labeled 
hBChE.  The  most  logical  scenario  to  explain  this  species  is  loss 
of  the  ethoxy  ligand  through  aging  and  loss  of  the  dimethy¬ 
lamine  ligand  through  acid-catalyzed  hydrolysis  during  prepara¬ 
tion  of  the  sample  for  mass  spectrometry.  Only  evidence  of 
deamination  was  found  in  earlier  mass  spectrometry  studies  on 
human  AChE.^"^’^^  This  suggests  that  only  the  product  of  the 
acid-catalyzed  deamination  could  be  observed  under  those 
experimental  conditions. 

This  analysis  of  aged  tabun— hBChE  utilizes  an  added  mass 
of  80  amu  for  phosphate,  which  is  the  mass  expected  if  natural 
abundance  oxygen- 16  is  present  for  all  of  the  oxygens  on  the 
phosphorus.  If  aging  had  involved  release  of  the  dimethylamine, 
then  one  of  the  phosphorus  oxygens  should  have  been  derived 
from  the  H2^^0  in  the  medium,  making  the  added  mass  of  the 
phosphate  82  amu.  Similarly,  if  aging  involved  release  of  the 
ethoxy  moiety  via  P—0  bond  cleavage,  then  the  added  mass 
would  have  been  82  amu.  It  follows  that  the  added  mass  is 
consistent  with  elimination  of  the  ethoxy  moiety  during  aging 
via  O— C  bond  cleavage. 

X-ray  Structure  of  Non-aged  Tabun-Inhibited  hBChE.  Data 
were  collected  from  tetragonal  crystals  of  space  group  7422  and 
refined  to  2.1  A.  Data  and  refinement  statistics  are  shown  in 
Table  1.  There  is  no  significant  displacement  of  residue  side 
chains  compared  to  the  native  enzyme  (PDB  entry  IPOI).  A 
strong  peak  of  positive  electronic  density  (19a)  within  covalent 
bond  distance  of  the  catalytic  serine  was  observed  in  the  initial 
\Fo\  —  IT'cl  map.  This  confirms  that  inhibitor  was  bound  to  the 
active- site  serine  after  5  min  of  soaking.  The  structure  was 
refined  as  a  conjugate  of  the  P(R)  enantiomer  of  tabun  (Figure 
5 A).  The  phosphorus  atom  is  found  at  covalent  bonding  distance 
of  1.65  A  from  the  Serl9807  atom.  02  of  the  phosphoramidate 
moiety  is  at  hydrogen-bonding  distance  from  the  main-chain 
amide  nitrogen  of  residues  forming  the  oxy anion  hole,  Glyll6 
(2.9  A),  Gly  1 17  (2.8  A),  and  Alal99  (2.9  A).  The  ethoxy  moiety 
is  pointing  toward  the  top  of  the  active-site  gorge,  with  03  at 
hydrogen-bonding  distance  from  His438N62  (3.2  A).  The 
dimethylamino  moiety  is  located  in  the  acyl-binding  pocket  with 
the  two  methyl  groups  pointing  toward  the  top  of  the  gorge. 
Despite  the  fact  that  the  P— N  distance  was  refined  to  1.8  A, 
there  is  still  a  residual  peak  of  positive  density  (4a)  above  the 
two  methyl  groups.  This  density  could  correspond  to  low 
occupancy  of  the  butyrate-like  molecule  that  is  always  found 
in  the  native  enzyme  structure. The  Cl  methyl  group  of  the 
dimethylamine  is  interacting  with  Leu286Cd2  and  Phe398CZ 
(both  at  3.5  A)  and  the  C2  methyl  group  is  at  3.2  A  from 
GlyinCa  and  3.8  A  from  Trp231C63.  There  is  a  peak  of 
positive  density  in  the  initial  IFqI  —  IFcl  map  (5.4a)  close  to 
Trp82  that  could  not  be  reasonably  modeled.  A  similarly  shaped 
density  was  found  in  the  choline-binding  pocket  in  several 
structures  of  native  hBChE.  In  those  structures,  it  was  modeled 
as  glycerol  (IPOI  or  IXLV).^®’^^  This  unknown  ligand  appears 
to  be  stacked  against  Trp82  and  seems  to  interact  with 
Glu 197062,  a  water  molecule  from  the  cluster  along  Trp430 
and  Tyr440,  and  the  water  molecule  H-bonded  to  Thrl20. 

X-ray  Structure  of  Aged  Tabun-Inhibited  hBChE.  Data  were 
collected  from  a  crystal  of  aged  tabun-inhibited  hBChE  and  were 
refined  to  2.3  A.  A  strong  peak  of  positive  electronic  density 
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Table  1.  Data  Collection  and  Refinement  Statistics 


tabun-hBChE 

tabun-mAChE 

non-aged  (3DJY)  aged  (3DKK) 

non-aged  (3DL4)  aged  (3DL7) 

space  group 

7422 

7422 

P212121 

P212121 

unit  cell  axes,  a,  b,  c  (A) 

156.58,  127.74 

155.24,  127.47 

79.62,  112.94,  226.16 

79.02,  110.88,  226.38 

no.  of  measured  reflections 

305  954 

236  247 

n.d."^ 

n.d."^ 

unique  reflections 

45  888 

34  165 

71  021 

69  074 

resolution  (A) 

55.4-2.1  (2.2-2.1) 

28.2-2.3  (2.4-2.3) 

29.2-2.5  (2.6-2.5) 

29.0-2.5  (2.6-2.5) 

completeness  (%) 

99.0  (99.6) 

98.2  (93.0) 

99.6  (100.0) 

99.3  (99.0) 

(%) 

6.3  (50.5) 

6.6  (42.7) 

9.0  (59.0) 

7.0  (51.0) 

mi) 

22.0  (4.4) 

27.6  (5.1) 

14.4  (3.3) 

17.6  (7.5) 

redundancy 

6.7  (7.0) 

6.9  (7.3) 

6.2  (6.2) 

7.4  (7.5) 

Refinement  Statistics 

R-factor^  (R-free'') 

21.2  (24.8) 

19.6  (24.6) 

19.6  (24.5) 

18.8  (22.7) 

no.  of  atoms 
protein 

4213 

4192 

8444 

8403 

solvent 

285 

275 

133 

439 

others 

154 

154 

168 

72 

mean  5-factor  (A^) 

39.8 

40.1 

47.2 

49.6 

rms  from  ideality 
bond  length  (A) 

0.017 

0.022 

0.014 

0.013 

angles  (deg) 

1.764 

2.068 

1.501 

1.461 

chiral  (A^) 

0.123 

0.140 

0.105 

0.097 

^  Emerge  =  (Ll/  ~  whcrc  I  is  the  observed  intensity  and  {/>  is  the  average  intensity  obtained  from  multiple  observations  of  symmetry-related 

reflections  after  rejections.  ^/?-factor  =  LlFo  —  IFcH/Ll^ol,  where  Fo  and  Fc  are  observed  and  calculated  structure  factors.  ^/?-free  set  uses  5%  of 
randomly  chosen  reflections  defined  by  Brunger  et  al.^^  Structure  factors  come  from  the  PDB:  2C0Q  (non-aged)  and  2C0P  (aged). 


2fchfc  - 1  .Os 
f[>fc  =  3  5s 


Aeyl-tjinding 

pocket 


S.2  ^ 


Ctioline-tHrKJing 

pocket 


^un-hBChE 

(non-aged? 


tabun-hBChE 

(aged) 


Figure  5.  Active  site  of  non-aged  and  aged  tabun-hBChE  conjugates.  Key  residues  are  represented  as  sticks  with  carbon  atoms  in  green,  nitrogen  atoms 
in  blue,  phosphorus  in  orange,  and  oxygen  atoms  in  red.  Hydrogen  bonds  are  represented  by  red  dashes.  Electron  density  2IFol  —  IFcl  is  represented  by  a  blue 
mesh,  contoured  at  l.Ocr,  and  IFqI  —  IFcl  is  represented  by  green/red  mesh  contoured  at  3.5cr. 


(13a)  within  covalent  bond  distance  of  the  catalytic  serine  in 
the  initial  IFqI  —  IFcl  map  confirms  the  presence  of  the  bound 
inhibitor.  The  refined  structure  clearly  shows  that  aging  proceeds 
through  0-dealkylation  of  the  P(R)  enantiomer  of  tabun  (Figure 
5B).  The  phosphorus  atom  is  found  at  a  covalent  bonding 
distance  of  1.62  A  from  the  Serl9807  atom.  02  of  the 
phosphoramidate  moiety  is  at  hydrogen-bonding  distance  from 
the  main-chain  amide  nitrogens  of  the  residues  forming  the 
oxyanion  hole,  Glyll6  (2.9  A),  Glyll?  (2.7  A),  and  Alal99 
(2.7  A).  As  a  result  of  the  loss  of  the  ethoxy  substituent,  the 
03  moiety  of  the  phosphorus  is  negatively  charged  and  forms 
a  strong  salt  bridge  with  His438N62  (2.8  A).  The  dimethylamino 
moiety  is  located  in  the  acyl-binding  pocket,  but  in  contrast  to 
the  non-aged  form,  the  two  methyl  groups  point  downward  from 
Phe398.  The  C2  methyl  group  interacts  with  the  indole  ring  of 
Trp231,  about  3.5  A  from  each  aromatic  carbon  of  the  six-atom 
ring,  while  Cl  is  at  least  3.7  A  from  Phe398,  Phe329,  and 
Leu286.  The  P— N  distance  was  refined  to  1.7  A.  The  peak  of 
positive  density  that  was  close  to  Trp82  in  the  non-aged 
tabun-hBChE  IFqI  —  IFcl  map  is  still  present  but  is  much 
stronger  (9.1a).  It  is  likely  that  the  occupancy  of  this  ligand  is 


higher  because  there  is  no  steric  hindrance  from  the  ethoxy, 
and  there  is  a  possibility  for  stronger  H-bond  interactions  with 
the  negatively  charged  03  of  the  phosphoramidate. 

Updated  Refinement  of  Non-aged  Tabun-Inhibited  mAChE. 

The  original  geometry  of  the  aged  and  non-aged  tabun  moiety 
was  based  on  calculations  using  the  monomer  library  sketcher 
of  the  CCP4  program  suite. However,  a  careful  examination 
of  the  crystal  structure  of  non-aged  tabun-inhibited  mAChE 
reveals  questionable  geometry  for  the  phosphoramidate  adduct 
in  both  monomers  (PDB  code  2C0Q).  For  example,  the 
N— P— Ser203O7  angle  was  refined  to  83°,  which  is  at  odds 
with  the  angle  of  103°  determined  using  the  GROMOS96.1 
force  field  analysis.  The  103°  value  is  in  better  agreement  with 
the  tetrahedral  shape  of  the  adduct.  In  addition,  the  P  and  N 
atoms  and  the  two  methyl  groups  were  modeled  as  strictly 
coplanar,  whereas  molecular  modeling  based  on  GROMOS96.1 
force  field  indicates  an  sp^  orbital  hybridization  of  N.  However, 
quantum  mechanics  computation  at  the  BP86/TZVP  level 
indicates  a  hybridization  of  N  between  sp^  and  sp^.  This  mixed 
hybridization  is  supported  by  two  small-molecule  structures  in 
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Figure  6.  Active  site  of  non-aged  and  aged  tabun— mAChE  conjugates.  Key  residues  are  represented  as  sticks,  with  carbon  atoms  in  green,  nitrogen  atoms 
in  dark  blue,  phosphorus  in  orange,  and  oxygen  atoms  in  red.  Hydrogen  bonds  are  represented  by  red  dashes.  Electron  density  2IFol  —  IFcl  is  represented  by 
a  blue  mesh,  contoured  at  l.Ocr,  and  IFqI  —  IFI  is  represented  by  green/red  mesh  contoured  at  3.5cr. 


the  Cambridge  Structural  Database  (QOQWOI^^  and  ZEX- 
BAF^^)  in  which  dimethylamino  groups  are  attached  to  phos¬ 
phorus.  Because  of  these  ambiguities,  a  new  refinement  was 
made  using  better  constraints  for  tabun  (Figure  6A). 

In  the  new  refinement,  the  methyl  groups  of  the  dimethy- 
lamine  are  pointing  downward,  in  a  conformation  similar  to  that 
found  in  aged  tabun-inhibited  hBChF.  The  C2  methyl  group 
interacts  with  Trp236C53  (3.5  A)  and  Phe295C6l,  whereas  Cl 
is  3.4  A  from  Phe295C5.  As  previously  reported,  the  imidazo- 
lium  ring  of  His447  has  shifted  toward  Phe338.  There  is  a 
residual  peak  of  density  (4.5cr)  in  the  IFqI  —  IFI  map  between 
Ser203  and  Glu334  of  both  monomers  that  suggests  some  low- 
occupancy  conformations  of  His447.  Two  water  molecules  were 
added  to  explain  residual  density  close  to  Trp86  at  the  bottom 
of  the  gorge.  The  remainder  of  the  gorge  is  apparently  free  of 
ligands.  There  is  a  noteworthy  “blob”  of  density  (up  to  5.4a) 
close  to  Trp286,  which  indicates  that  the  peripheral  anionic  site 
is  occupied  by  an  unknown  ligand  (data  not  shown). 

Updated  Refinement  of  Aged  Tabun-inhibited  mAChE.  In 
the  original  refinement  (PDB  code  2C0P),  the  modeled 
tabun— mAChF  adduct  underwent  aging  through  displacement 
of  the  dimethylamine  moiety  from  the  acyl-binding  pocket, 
while  the  ethoxy  substituent  was  left  intact  in  the  choline-binding 
pocket,  pointing  toward  the  top  of  the  gorge.  The  actual 
electronic  density  shows  that  the  dimethylamine  group  is  still 
attached  to  the  phosphorus  atom.  While  there  is  clearly  some 
electron  density  in  the  2IFol  —  IFI  map  corresponding  to  an 
ethoxy  substituent  in  monomer  A,  there  appears  to  be  none  in 
monomer  B.  In  addition,  a  peak  of  positive  density  next  to 
His447  in  both  monomers  suggests  that  His447  may  adopt  an 
alternate  conformation.  There  were  large  “blobs”  of  unexplained 
density  in  the  IFqI  —  IFI  map  stretching  from  the  peripheral  site 
(Trp286)  to  the  choline-binding  site  (Trp86),  hinting  that  the 
whole  gorge  is  occupied  by  unknown  ligands.  This  material  has 
perturbed  the  conformation  of  Tyr337.  On  the  basis  of  these 
observations,  it  was  concluded  that  an  improved  model  should 
be  built. 

For  monomer  A,  the  presence  of  electronic  density  in  the 
choline  binding  site  indicated  that  the  aged  conjugate  underwent 
incomplete  dealkylation.  Accordingly,  both  aged  and  non-aged 
forms  of  the  tabun  conjugates  were  included  in  the  new  model. 


(31)  Gholivand,  K.;  Tadjarodi,  A.;  Taeb,  A.;  Garivani,  G.;  Ng,  S.  W.  Acta 
Cn;stallo2r.  2001,  E57,  o472-o473. 

(32)  Shih,  Y.-E.;  Wang,  F.-C.;  Maa,  S.-H.;  Liu,  L.-K.  Bull  Inst.  Chem. 
Acad.  Sin.  1994,  41,  9. 


They  were  assigned  an  occupancy  of  0.5  each,  based  on  .B-factor 
values,  though  a  large  uncertainty  exists  on  this  ratio  (Figure 
6B).  The  position  and  the  array  of  interactions  in  the  non-aged 
tabun  adduct  in  monomer  A  are  similar  to  those  in  the  non¬ 
aged  structure  of  mAChF.  In  the  aged  form,  the  phosphorus 
atom  is  found  at  a  covalent  bonding  distance  of  1.6  A  from  the 
Ser203O7  atom.  02  of  the  phosphoramidate  moiety  is  at 
hydrogen-bonding  distance  from  the  main-chain  amide  nitrogens 
of  the  residues  forming  the  oxy anion  hole,  Glyl21  (2.8  A), 
Glyl22  (2.6  A),  and  Ala204  (2.8  A).  The  dimethylamino  moiety 
is  still  located  in  the  acyl-binding  pocket,  with  the  two  methyl 
groups  pointing  downward.  The  C2  methyl  group  is  interacting 
with  the  indole  ring  of  Trp236,  CH2  (3.5  A),  whereas  Cl  is 
3.5  A  from  Phe295C5  and  3.3  A  from  Phe338C5.  The  electron 
density  of  His447  is  not  clearly  defined  and  was  modeled  as 
two  conformers,  despite  features  indicating  that  there  is  more 
likely  a  continuum  of  conformations  between  the  two  average 
positions.  In  the  first  conformer,  His447N62  forms  a  salt  bridge 
with  03  of  the  phosphorus  (2.6  A),  and  His447Ndl  is  strongly 
H-bonded  to  Glu3 34061  (2.5  A).  The  second  conformer  is 
similar  to  the  conformation  of  the  non-aged  conjugate.  These 
two  models  highlight  the  fact  that  dealkylation  is  accompanied 
by  a  shift  of  the  phosphoramidate  moiety  toward  His447N62 
(0.7  A  shift  for  03).  In  addition,  nearby  residues  Tyr337  and 
Phe338  are  extremely  perturbed.  Their  side  chains  were  refined 
to  occupancies  of  0.6  and  0.8,  respectively.  The  perturbation 
of  the  Tyr337  conformation,  in  particular,  appears  to  be  related 
to  the  presence  of  an  unknown  ligand  close  to  Trp86.  This  is 
indicated  by  the  strong  unexplained  positive  electron  density 
in  the  IFqI  —  IFI  map  (peak  at  8.8a).  We  tried  to  fit  this  electron 
density  to  (1)  components  of  the  crystallization  buffer,  poly¬ 
ethylene  glycol  monomethyl  ether  750,  HFPFS;  and  (2) 
procainamide,  the  ligand  that  was  used  for  the  last  affinity 
chromatography  purification  step,^^  without  success. 

For  monomer  B,  at  first  sight  the  weak  electron  density  for 
the  ethyl  substituent  suggested  that  complete  dealkylation 
of  the  conjugate  had  occurred.  However,  it  became  apparent 
during  the  refinement  process  that  the  weak  residual  density 
was  better  explained  by  modeling  both  aged  and  non-aged  forms 
of  the  tabun  adduct  into  the  structure.  For  example,  when  the 
adduct  was  modeled  solely  as  the  aged  form,  a  peak  of  positive 
density  in  the  \Fo\  —  IFI  map  developed  between  His447N62 
and  03.  This  indicated  that  the  refinement  software  was  placing 
03  too  far  away  from  the  imidazolium.  This  would  arise  if  the 
software  was  trying  to  fit  density  corresponding  to  trace  amounts 
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of  the  ethoxy  substituent.  Accordingly,  models  for  both  the  aged 
and  non-aged  forms  of  the  tabun  adduct  were  refined  into  the 
structure  with  occupancies  of  0.6  and  0.4,  respectively.  This 
ratio  was  based  on  a  5-factor  value  of  about  41  A^.  The  position 
and  the  array  of  interactions  in  the  non- aged  and  aged  tabun 
adducts  are  similar  to  those  in  monomer  A:  the  two  methyl 
groups  point  downward  and  make  contacts  with  Trp236,  Phe295, 
and  Phe338,  and  there  is  a  slight  shift  of  the  phosphor amidate 
toward  His447NE2  (0.6  A  for  03).  His447  is  again  perturbed 
and,  consequently,  is  modeled  as  two  alternate  conformations 
displaying  average  positions  like  those  in  monomer  A.  Nearby 
residues,  Phe338  and  Tyr337,  are  extremely  perturbed  and  were 
refined  with  partial  occupancy.  This  perturbation,  at  least  that 
of  Tyr337,  is  related  to  the  presence  of  an  unknown  ligand  in 
the  active  site,  which  is  indicated  by  strong  positive  peaks  in 
the  IFqI  —  IFI  maps  (7.2a). 

Discussion 

The  kinetics  for  inhibition  of  hBChE  and  hAChE  by  tabun 
show  that  both  enzymes  are  enantio selective.  This  is  in 
agreement  with  a  previous  study  showing  that  (— )-tabun  reacts 
about  6.3  times  faster  than  (+)-tabun  with  electric  eel  AChE.^^ 
However,  for  hBChE  and  hAChE,  the  enantio  selectivity  may 
be  larger  than  1  order  of  magnitude. 

Assuming  in-line  substitution,  the  X-ray  structure  of  non¬ 
aged  tabun— hBChE  reveals  that  the  enzyme  is  mainly  inhibited 
by  P(5)-tabun  with  the  dimethylamine  group  located  in  the  acyl¬ 
binding  pocket.  Stereoselectivity  may  result  from  preferred 
H-bonding  of  His438  to  the  ethoxy  substituent  and  interaction 
of  Trp23 1  with  the  dimethylamine  moiety.  The  same  consid¬ 
erations  apply  for  the  structure  of  non-aged  tabun— mAChE,^^ 
the  refinement  of  which  was  improved  in  the  present  study.  The 
X-ray  structure  of  aged  tabun— hBChE  also  showed  enantiose- 
lectivity  for  P(5)-tabun;  i.e.,  the  electron  density  shows  that  the 
dimethylamine  moiety  is  located  in  the  acyl-binding  pocket.  The 
same  enantio  selectivity  was  found  in  the  updated  refinements 
of  aged  tabun— mAChE  and  from  the  structure  of  aged 
tabun— TcAChE.^"^  These  observations  provide  structural  evi¬ 
dence  that  there  is  a  selectivity  of  cholinesterases  for  the  P(5) 
enantiomer  of  tabun.  This  has  important  implications  for  the 
aging  pathway.  Combining  the  enantio  selectivity  results  from 
the  solution  kinetics  with  those  from  the  X-ray  crystal  structures 
suggests  that  (— )-tabun  is  P(5)-tabun. 

The  first  X-ray  structure  of  an  aged  tabun— cholinesterase  was 
made  with  mouse  AChE  (PDB  code  2C0P).^^  This  structure 
was  determined  following  4  weeks  of  aging,  which,  with  an 
aging  half-time  of  a  few  hours,  should  have  been  sufficient  to 
complete  the  reaction.  Still,  an  incomplete  dealkylation  led  to 
an  adduct  model  with  the  ethoxy  group  present  in  the  choline¬ 
binding  pocket  and  the  A-dimethyl  group  substituted  by 
hydroxyl. 

That  model  implied  that  aging  occurs  through  nucleophilic 
attack  by  water  on  the  P— N  bond  and  subsequent  scission  of 
that  bond.  However,  the  conformation  of  the  adduct  in  the  active 
site  was  peculiar.  First,  the  oxygen  arising  from  loss  of  the 
dimethylamine  was  located  in  the  acyl-binding  pocket  with  no 
possibility  for  stabilization  through  formation  of  a  salt  bridge. 
Previous  structural  data  for  aged  AChEs  indicated  that  the 


(33)  Degenhardt,  C.;  Van  Den  Berg,  G.;  De  Jong,  L.;  Benschop,  H.  J.  Am. 
Chem.  Soc.  1986,  108,  8290-8291. 

(34)  Millard,  C.  B.;  Olson,  M.  A.;  Carlacci,  L.;  Ordentlich,  A.;  Barak,  D.; 
Shafferman,  A.;  Silman,  L;  Sussman,  J.  L.  Presented  at  the  International 
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Figure  7.  Superimposition  of  active  sites  of  the  non-aged  (green)  and  aged 
(red)  tabun— hBChE  conjugates. 

phosphorus  oxygen  resulting  from  aging  was  stabilized  by 
formation  of  a  salt  bridge  with  His447.^’^^’^^’^^’^^  Second,  there 
were  no  groups  in  the  acyl  pocket  that  could  promote  aging.  It 
is  generally  accepted  that  the  active  site  of  cholinesterase 
accelerates  the  aging  process.  This  acceleration  is  generally 
thought  to  involve  the  histidine  from  the  catalytic  triad  and  the 
tryptophan  from  the  choline-binding  pocket.  If  the  aging  process 
for  tabun  required  similar  assistance,  the  dimethylamine  moiety 
would  have  been  located  in  the  choline -binding  pocket.  Since 
the  de-dimethylamidated  moiety  was  located  in  the  acyl-binding 
pocket  in  the  mAChE  model,  there  would  have  been  a  rear¬ 
rangement  of  the  substituents  around  the  phosphorus  after  aging. 
Such  motions  are  doubtful  in  a  constrained  active- site  pocket 
like  that  of  mAChE.  All  of  these  factors  suggest  that  the  aged 
tabun— mAChE  model  requires  refinement. 

The  new  model  for  aged  tabun— mAChE  shows  unambigu¬ 
ously  that  the  ethoxy  substituent  underwent  dealkylation.  The 
X-ray  structure  of  aged  tabun— hBChE  and  the  structure  of  aged 
tabun— TcAChE^^  both  support  this  interpretation.  The  nega¬ 
tively  charged  phosphoryl  oxygen  that  results  from  aging  forms 
a  salt  bridge  with  the  catalytic  imidazolium  in  each  case.  There 
is  no  doubt  that  aging  of  these  three  phosphoramidated 
cholinesterases  proceeds  through  the  classic  aging  pathway 
worked  out  for  phosphonylated  human  AChE.^®’^^’^^’^^  In  that 
mechanism,  the  imidazolium  stabilizes  a  developing  negative 
charge  on  the  C— oxygen,  and  a  water  molecule  activated 
by  Glu202  (197  in  hBChE)  attacks  the  carbocationic  center  that 
appears  on  the  O  carbon,  thus  leading  to  scission  of  the 
C— O  bond,  release  of  the  alkoxy  moiety,  and  subsequent 
formation  of  the  salt  bridge  between  the  phosphorus  03 -oxygen 
and  the  imidazolium. 

This  mechanism  can  be  extended  to  tabun— hAChE  via  the 
following  logical  argument.  Knowing  that  (1)  dealkylation  of 
tabun— ChE  conjugates  occurs  in  three  different  ChEs,  (2) 
residues  lining  the  active- site  gorge  of  mAChE  and  hAChE  are 
identical,  and  (3)  hAChE  is  enantio  selective  for  tabun  stereoi¬ 
somers,  we  can  reasonably  state  that  aging  of  tabun— hAChE 
proceeds  through  dealkylation  of  the  ethoxy  substituent. 

The  formation  of  the  salt  bridge  between  the  phosphorus  03- 
oxygen  and  the  imidazolium  of  His438  in  aged  tabun— hBChE 
induces  a  small  rearrangement  of  the  phosphoramidyl- serine, 
while  the  active-site  residues,  notably  His438,  do  not  move 
(Figure  7).  His438  is  stabilized  by  a  strong  hydrogen  bond  with 
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Glu335  and  interactions  with  Phe398  that  restrict  its  mobility 
(data  not  shown).  The  phosphoramidate  moiety  has  to  tilt  toward 
His438N62  in  order  to  promote  formation  of  the  salt  bridge. 
There  is  also  a  significant  reinforcement  of  the  interactions 
between  the  phosphoryl  oxygen  and  the  oxy anion  hole  in  the 
aged  form  of  tabun— hBChE.  This  is  likely  related  to  an  increase 
in  electron  density  in  the  oxyanion  hole  oxygen  linked  to  the 
delocalization  of  the  new  negative  charge  on  the  phosphorus 
02-oxygen.  Similar  observations  were  made  during  the  aging 
of  soman— hBChE  (Weik,  M.,  personal  communication)  and 
echothiophate— hBChE.  These  features,  taken  together,  are 
thought  to  raise  the  activation  energy  needed  for  the  dephos- 
phylation  reaction,  thus  rendering  oxime-mediated  reactivation 
virtually  impossible  after  aging. 

Interestingly,  as  a  result  of  aging,  the  phosphoramidate  tilts 
so  that  the  dimethylamine  moiety  is  less  constrained  and  the 
two  methyls  point  toward  Trp231  to  better  fill  in  the  acyl-binding 
pocket. 

By  contrast  to  hBChE,  the  catalytic  histidine  of  AChEs 
(His447  in  hAChE)  is  mobile.  This  was  shown  in  NMR  studies 
of  the  short  strong  hydrogen  bond  of  aged  TcAChE^^  and  in 
crystal  structure  studies  on  non-aged  VX— TcAChE.^^  It  was 
suggested  that  this  mobility  was  related  to  the  lack  of  aromatic 
trapping. Indeed,  AChEs  lack  the  aromatic  residue  equivalent 
to  Phe398  in  hBChE  that  provides  stabilization  for  His438.  A 
valine  is  found  at  the  equivalent  position  in  mAChE,  hAChE, 
and  TcAChE.  The  mobility  of  His447  is  again  illustrated  in 
non-aged  tabun— mAChE,  as  described  by  Ekstrom  et  al.^^  and 
reaffirmed  in  the  present  study.  His447  and  Phe338  shift  in 
concert  to  avoid  unfavorable  contacts  with  the  phosphoramidate 
moiety.  Surprisingly,  His447  adopts  a  continuum  of  conforma¬ 
tions  in  the  aged  form.  This  was  unexpected  because  the 
dealkylation  and  subsequent  formation  of  a  salt  bridge  normally 
releases  the  steric  constraints  on  His447  and  stabilizes  the 
imidazolium  into  a  well-defined  conformation.  The  continuum 
of  conformations  could  be  due  to  the  partial  dealkylation,  and 
to  the  coexistence  of  non-aged  and  aged  conformations  (Figure 
8).  The  presence  of  an  unknown  ligand  interfering  with  Tyr337 
and  indirectly  with  Phe338  might  also  contribute  to  the 
conformation  disturbance  of  His447.  Despite  the  conformational 
heterogeneity,  the  phosphoramidate  moiety  tips  slightly  toward 
His437  when  the  His  occupies  its  usual  triad  position.  This  leads 
to  formation  of  the  salt  bridge  as  observed  in  other  aged  AChE- 
OP  conjugates.^’^^ 

Nonaged  cholinesterases  inhibited  by  tabun  are  known  to  be 
resistant  to  most  oxime  reactivators.^  It  is  acknowledged  that 
oximes  based  on  pyridinium  aldoxime  like  HI-6  are  too  bulky 
to  achieve  a  favorable  orientation  of  the  reactive  group  in  the 
narrow  active  site  of  hAChE.^^“"^^  A  smaller  nucleophile  capable 
of  slipping  in  between  the  aromatic  residues  would  be  highly 
desirable  to  improve  the  efficiency  of  oxime  reactivators. 
However,  limited  accessibility  of  the  active  site  might  not  be 
the  sole  cause  for  the  poor  reactivation  of  tabun— ChE  conju- 
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Figure  8.  Superimposition  of  active  sites  of  apo  (red),  non-aged  (blue), 
and  aged  (green;  two  conformations,  reflecting  partial  dealkylation  of  the 
tabun,  are  shown)  tabun— mAChE  conjugates.  This  figure  highlights  the 
conformational  heterogeneity  of  His447,  Tyr337,  and  Phe338. 

gates.  The  reactivation  rate  for  tabun— hBChE  is  slow  despite 
the  fact  that  the  active  site  is  wide.  This  suggests  that  reactivation 
might  be  limited  by  the  chemistry  of  the  reaction.  Partial 
delocalization  of  electron  density  from  the  nitrogen  lone  pair 
in  the  P— N  bond  on  the  phosphorus  atom  could  reduce  its 
electrophilicity,  making  it  less  susceptible  to  nucleophiles. 
Quantum  mechanics/molecular  mechanics  (QM/MM)  studies  of 
the  reactivation  reaction  based  on  tabun— mAChE  and  tabun— 
hBChE  X-ray  structures  could  clarify  this  point. 

Finally,  the  X-ray  structures  of  tabun— ChEs  provide  a 
template  on  which  to  design  mutants  of  human  cholinesterases 
that  can  spontaneously  and  more  efficiently  reactivate  from  OP 
inhibition.  G1 17H  hBChE^^  is  a  model  for  such  mutations,  but 
more  efficient  variants  are  needed.  The  mutagenesis  strategy 
based  on  computational  design  (QM/MM)  that  was  successfully 
implemented  for  designing  a  mutant  of  hBChE  with  improved 
cocaine  hydrolase  activity could  be  applied  to  the  design  of 
more  active  hBChE  mutants  capable  of  hydrolyzing  OPs. 

Efficient  BChE-based  catalytic  bioscavengers  would  provide 
a  great  improvement  in  prophylaxis,  decontamination,  and 
treatment  of  organophosphate  poisoning. 
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Tyrosine  411  of  human  albumin  is  an  established  site  for  covalent  attachment  of  10-fluoroethoxyphosphinyl- 
A/-biotinamidopentyldecanamide  (FP-biotin),  diisopropylfluorophosphate,  chlorpyrifos  oxon,  soman,  sarin,  and 
dichlorvos.  This  work  investigated  the  hypothesis  that  other  residues  in  albumin  could  be  modified  by 
organophosphorus  agents  (OP).  Human  plasma  was  aggressively  treated  with  FP-biotin;  plasma  proteins  were 
separated  into  high  and  low  abundant  portions  using  a  proteome  partitioning  antibody  kit,  and  the  proteins 
were  digested  with  trypsin.  The  FP-biotinylated  tryptic  peptides  were  isolated  by  binding  to  monomeric  avidin 
beads.  The  major  sites  of  covalent  attachment  identified  by  mass  spectrometry  were  Y 138,  Y 148,  Y  401,  Y  411, 
Y452,  S232,  and  S287  of  human  albumin.  Prolonged  treatment  of  pure  human  albumin  with  chlorpyrifos 
oxon  labeled  Y 138,  Y 150,  Y 161,  Y  401,  Y  411,  and  Y  452.  T o  identify  the  most  reactive  residue,  albumin  was 
treated  for  2  h  with  DFP,  FP-biotin,  chlorpyrifos  oxon,  or  soman,  digested  with  trypsin  or  pepsin,  and  analyzed 
by  mass  spectrometry.  The  most  reactive  residue  was  always  Tyr  411.  Di  ethoxy  phosphate- labeled  Tyr  411 
was  stable  for  months  at  pH  7.4.  These  results  will  be  useful  in  the  development  of  specific  antibodies  to 
detect  OP  exposure  and  to  engineer  albumin  for  use  as  an  OP  scavenger. 


I  ntroduction 

Organophosphorus  agents  are  used  in  agriculture  as  pesticides 
and  are  stocked  by  the  military  as  chemical  warfare  agents. 
These  chemicals  are  toxic  to  insects,  fish,  birds,  and  mammals. 
Seizures,  respiratory  arrest,  and  death  are  explained  by  a  cascade 
of  reactions  that  begins  with  inhibition  of  acetylcholinesterase. 
Although  acetylcholinesterase  in  red  blood  cells  and  butyryl- 
chol inesterase  in  plasma  are  established  biomarkers  of  organo¬ 
phosphorus  ester  (OP)^  exposure,  additional  biomarkers  are 
being  sought.  Albumin  has  the  potential  to  serve  as  a  new 
biomarker  of  OP  exposure  (I,  2).  Albumin  has  been  reported 
to  covalently  bind  diisopropylfluorophosphate  (DFP),  sarin, 
soman,  cyclosarin,  tabun,  lO-fluoroethoxyphosphinyl-AZ-bioti- 
namido  pentyidecanamide  (FP-biotin),  chlorpyrifos  oxon  (CPO), 
and  dichlorvos  (2-6)  and  to  hydrolyze  CPO,  paraoxon  (7,  8), 
and  0-hexyl  0-2,5-dichlorophenyl  phosphoramidate  (9).  M  ass 
spectrometry  has  identified  tyrosine  411  of  human  albumin  as 
the  site  for  covalent  attachment  of  OP  nerve  agents  and  OP 
pesticides  (6).  A  second  site  for  covalent  attachment  of  soman 
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was  suggested  by  experiments  that  found  more  fluoride  ion 
released  than  could  be  accounted  for  by  one  site  in  albumin 
(3).  Pretreatment  of  albumin  with  decanoate,  a  lipid  that  binds 
to  the  Tyr  411  subdomain,  inhibited  incorporation  of  91%  of 
^H-DFP,  leaving  open  the  possibility  that  9%  of  the  ^H-DFP 
bound  to  other  sites  (10).  Crystallization  trials  of  CPO-labeled 
human  albumin  yielded  gelatinous  soft  amorphous  crystals, 
further  suggesting  the  likelihood  that  more  than  one  site  was 
labeled  and  that  labeling  was  not  uniform.  The  goal  of  this  study 
was  to  determine  if  sites  in  addition  to  Tyr  411  could  make  a 
covalent  bond  with  OP  and  to  identify  the  labeled  residues. 

Our  starting  premise  was  that  OP  bound  exclusively  to  Tyr 
411  of  human  albumin.  For  certain  studies,  we  wanted  100% 
labeling  on  Tyr  411.  Therefore,  we  treated  albumin  with  excess 
CPO.  The  sample  was  checked  by  mass  spectrometry  to  confirm 
the  site  of  OP  labeling,  and  to  our  surprise,  we  found  several 
CPO-labeled  peptides. 

Our  studies  with  human  plasma  were  initiated  with  the  goal  of 
identifying  OP-labeled  proteins  in  human  plasma.  We  had  expected 
to  identify  several  FP-biotin-labeled  proteins.  However,  wefound 
only  FP-biotin-labeled  albumin.  The  albumin  was  covalently 
modified  on  five  tyrosines  and  two  serines.  FP-biotin  was  used 
for  studies  with  plasma  because  biotinylated  peptides  are  readily 
purified  by  binding  to  immobilized  avidin  beads  (I,  II). 

Experimental  Procedures 

Materials.  FP-biotin  (MW  592.32)  was  custom  synthesized  in 
the  laboratory  of  Dr.  Charles  M .  Thompson  at  the  University  of 
M  ontana  (M  issoula,  MT)  (12).  FP-biotin  was  dissolved  in  methanol 
and  stored  at  -80  °C.  CPO  (ChemService  Inc.  Westchester,  PA; 
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M  ET-674B)  was  dissolved  in  ethanol  and  stored  at  -80  °C.  DFP, 
a  liquid  with  a  concentration  of  5.73  M ,  was  from  Sigma  {D0879). 
Soman  from  CEB  (Vert-le-Petit,  France)  was  dissolved  in  isopro¬ 
panol.  A  Proteome  Partitioning  Kit,  ProteomeLab  lgY-12  High 
Capacity  in  Spin  Column  format  contained  IgY  antibodies  directed 
against  the  12  most  abundant  proteins  in  human  plasma  (Beckman 
Coulter  #A24331  S0510903)  including  albumin,  IgG,  fibrinogen, 
transferrin,  IgA,  IgM,  HDL  (apo  A-l  and  apo  A-ll),  haptoglobin, 
a-l-antitrypsin,  a-l-acid  glycoprotein,  and  a-2-macroglobulin. 
Cibacron  blue  3GA  agarose  (Sigma,  C1535)  bound  10-20  mg  of 
human  albumin  per  ml  of  gel.  Porcine  trypsin  (Promega,  M  adison, 
Wl;  V5113  sequencing  grade  modified  trypsin)  at  a  concentration 
of  0.4  jugljui  in  50  mM  acetic  acid  was  stored  at  -80  °C.  Pepsin 
(Sigma,  St.  Louis,  MO;  P6887  from  porcine  gastric  mucosa)  was 
dissolved  in  10  mM  HCI  to  make  a  1  mg/mL  solution  and  stored 
at  -80  °C.  M  onomeric  avidin  agarose  beads  (#20228)  were  from 
PierceCo.  NeutrAvidin  agarose  beads  (#29202)  were  from  Thermo 
Scientific  (Rockford,  IL).  Human  plasma  (EDTA  anticoagulant)  was 
from  an  adult  male,  who  had  fasted  overnight  before  donating  blood. 
Fatty  acid  free  human  albumin  (Fluka  05418)  was  from  Sigma/ 
Aldrich. 

Procedures  for  FP-Biotin-Labeled  Plasma.  Separation  of 
Low  and  High  Abundance  Proteins  in  Human  Piasma.  Two 

hundred  microliters  of  human  plasma  were  fractionated  into  low 
and  high  abundance  proteins  by  processing  20  jui  of  plasma  at  a 
time  on  the  Beckman  Coulter  Proteome  IgY  Spin  column  depletion 
kit.  The  yield  of  high  abundance  proteins  was  4800  jug  in  400  jul. 
Of  this,  123  jui  was  labeled  with  FP-biotin,  123  jui  was  used  as  a 
negative  control,  and  the  remainder  was  used  for  determination  of 
protein  concentration. 

High  Abundance  Proteins  Labeled  with  FP-Biotin,  Digested 
with  Trypsin,  and  Purified  on  Monomeric  Avidin.  The  high 
abundance  fraction  of  plasma  had  albumin  as  its  major  component. 
A  123  jui  aliquot  of  the  high  abundance  fraction  was  treated  with 
1.25  of  20  mM  FP-biotin  for  48  h  at  37  °C  at  pH  8.0.  The  final 
FP-biotin  concentration  was  200 juM .  Excess  FP-biotin  was  removed 
by  dialysis  against  2  x  4  L  of  10  mM  ammonium  bicarbonate. 

Proteins,  in  8  M  urea,  were  reduced  with  5  mM  dithiothreitol 
and  alkylated  with  40  mM  iodoacetamide.  The  samples  were  diluted 
to  reduce  the  concentration  of  urea  to  2  M  .  Proteins  were  digested 
with  a  1:50  ratio  of  trypsin  to  protein  at  37  °C  overnight.  The  trypsin 
was  inactivated  by  heating  the  sample  in  a  boiling  water  bath  for 
10  min.  It  was  necessary  to  inactivate  trypsin  because  trypsin  could 
have  destroyed  the  avidin  protein  used  in  the  next  step.  FP- 
biotinylated  peptides  were  purified  by  binding  to  0.5  mL  of 
monomeric  avidin  beads.  Nonspecifically  bound  peptides  were 
washed  off  with  high  salt  buffers.  The  column  was  washed  with 
water  to  remove  salts,  and  FP-biotinylated  peptides  were  eluted 
with  10%  acetic  acid.  The  eluate  was  dried  in  a  vacuum  centrifuge 
in  preparation  for  mass  spectrometry.  The  negative  control  was 
human  plasma  treated  with  everything  except  FP-biotin. 

Depletion  of  Albumin  on  Cibacron  Biue,  Labeiing  with 
FP-Biotin,  Digestion  with  Trypsin,  and  Purification  on 
NeutrAvidin.  An  albumin-depleted  plasma  sample  was  prepared 
by  binding  0.6  mL  of  human  plasma  to  2  mL  of  Cibacron  Blue 
and  collecting  the  protein  that  eluted  in  10  mL  of  10  mM  TrisCI, 
pH  8.0,  containing  0.3  M  NaCI.  About  70%  of  the  albumin  was 
removed  from  the  plasma  sample  by  this  procedure.  The  protein 
was  desalted,  concentrated  to  0.5  mL,  and  labeled  with  100  juM 
FP-biotin  at  37  °C  for  16  h  in  10  mM  ammonium  bicarbonate. 
The  labeled  protein  was  denatured  in  8  M  urea,  reduced  with 
dithiothreitol,  carbamidomethylated  with  iodoacetamide,  and  de¬ 
salted  on  a  spin  column.  The  yield  was  2000  fig  in  500  fil.  The 
entire  sample  was  digested  with  40  fig  of  trypsin  (Promega)  at  37 
°C  overnight.  The  FP-biotinylated  tryptic  peptides  were  bound  to 
0.1  mL  of  NeutrAvidin  beads,  washed  with  high  salt  buffers  and 
water,  and  eluted  with  45%  acetonitrile  and  0.1%  formic  acid. 

M  ass  Spectrometry  on  QSTAR  Elite  and  QTRAP  2000.  Five 
micrograms  of  the  high  abundance  FP-biotinylated  peptides  purified 
with  monomeric  avidin  beads  was  analyzed  on  the  QSTAR  elite 
liquid  chromatography  tandem  mass  spectrometry  (LC/MS/MS) 
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system  with  ProteinPilot  2.0  software  at  the  Applied  Biosystems 
laboratories  (Framingham,  MA). 

A  second  5  fig  aliquot  from  the  same  protein  preparation,  a 
negative  control  sample,  and  the  NeutrAvidin  purified  peptides  were 
analyzed  by  LC/M  S/M  S  on  the  QTRAP  2000  mass  spectrometer 
(Applied  Biosystems)  at  the  University  of  Nebraska  M  edical  Center 
with  Analyst  1.4.1  software.  The  digest  was  dried  in  a  vacuum 
centrifuge  and  dissolved  in  5%  acetonitrile  and  0.1%  formic  acid 
to  make  0.5  fig/fil.  A  10  fii  aliquot  was  injected  into  the  HPLC 
nanocolumn  (#218M  S3. 07515  Vydac  C18  polymeric  rev-phase,  75 
fim  i.d.  X  150  mm  long;  P.j .  Cobert Assoc,  St.  Louis,  MO).  Peptides 
were  separated  with  a  90  min  linear  gradient  from  0  to  60% 
acetonitrile  at  a  flow  rate  of  0.3  /^L/min  and  electrosprayed  through 
a  nanospray  fused  silica  emitter  (360  fim  o.d.,  75  fim  i.d.,  15  fim 
taper.  New  Objective)  directly  into  the  QTRAP  2000,  a  hybrid 
quadrupole  linear  ion  trap  mass  spectrometer.  An  ion  spray  voltage 
of  1900  V  was  maintained  between  the  emitter  and  the  mass 
spectrometer.  Information-dependent  acquisition  was  used  to  collect 
M  S,  enhanced  M  S,  and  M  S/M  S  spectra  for  the  three  most  intense 
peaks  in  each  cycle,  having  a  charge  of  +1  to  +4,  a  mass  between 
400  and  1700  m/z,  and  an  intensity  >10000  counts  per  s.  A II  spectra 
were  collected  in  the  enhanced  mode,  that  is,  using  the  trap  function. 
Precursor  ions  were  excluded  for  30  s  after  one  M  S/M  S  spectrum 
had  been  collected.  The  collision  cell  was  pressurized  to  40  fiJon 
with  pure  nitrogen.  Collision  energies  between  20  and  40  eV  were 
determined  automatically  by  the  software,  based  on  the  mass  and 
charge  of  the  precursor  ion.  The  mass  spectrometer  was  calibrated 
on  selected  fragments  from  the  MS/MS  spectrum  of  Glu-Fibrin- 
opeptide  B.  MS/MS  spectra  were  submitted  to  M  ascot  for  identi¬ 
fication  of  labeled  peptides  and  amino  acids  (13).  MASCOT 
identified  F  P-biotinylatedY  *L  Y  E I A  R  (scorel7),  H  PY  *FY  A  PE  L  L  FFA  K 
(score  14),  and  M  PCAEDY*LSVVLNQLCVLHEK  (score  15)  but 
none  of  the  other  FP-biotinylated  peptides.  The  others  were 
identified  by  manually  searching  the  MS/MS  data  files  using  the 
Extracted  Ion  Chromatogram  feature  of  the  Analyst  software.  The 
scores  were  low  because  the  software  did  not  recog¬ 
nize  the  characteristic  fragments  of  FP-biotin  at  227,  312,  and  329. 
It  also  did  not  recognize  the  591  ion  of  FP-biotin  or  the  FP-biotin- 
tyrosine  immonium  ions  at  708  and  691  or  fragments  containing 
dehydroalanine  in  place  of  serine.  The  ions  that  Mascot  did  not 
recognize  were  often  very  intense. 

The  M  A  SCOT  modification  file  is  an  open  source  software  called 
UNIMOD.  The  FP-biotin  modification  on  serine,  threonine,  and 
tyrosine  was  introduced  according  to  the  instructions  found  on  the 
Web  site  http://www.unimod.org.  Access  to  the  modification  is 
freely  avail  able  to  all  MASCOT  users  in  the  Variable  M  odifications 
menu  under  the  name  FP-biotin.  Fragments  of  FP-biotin  are  not 
part  of  the  MASCOT  modification  file.  Peptides  yielding  FP-biotin 
fragments  at  227,  312,  and  329  amu  were  identified  using  the 
Extracted  Ion  Chromatogram  feature  of  ABI's  Analyst  software. 
Neutral  loss  of  fragments  of  FP-biotin  were  identified  by  manual 
inspection  of  M  S/M  S  spectra. 

Mass  Spectrometry  by  Matrix-Assisted  Laser  Desorption 
Tandem  Time-of-Fiight  Mass  Spectrometry  (MALDI-TOF- 
TOF)  4800.  A  0.5  fil  aliquot  of  essentially  salt-free  samples  was 
spotted  on  a  M  ALDI  target  plate,  air-dried,  and  overlaid  with  0.5 
fii  of  10  mg/mL  a-cyano-4-hydroxy  cinnamic  acid  in  50% 
acetonitrile  and  0.1%  trifluoroacetic  acid.  M  S  spectra  were  acquired 
using  a  M  ALDI-TOF-TOF  4800  (Applied  Biosystems),  with  a  laser 
power  of  3000  V,  in  positive  reflector  mode.  Each  spectrum  was 
the  average  of  500  laser  shots.  The  mass  spectrometer  was  calibrated 
against  des-A rg-Bradykinin  (904.468  Da),  angiotensin  1  (1296.685 
Da),  Glu-Fibri nopeptide  B  (1570.677  Da),  and  neurotensin  (1672.918 
Da)  (Cal  M  ix  1  from  Applied  Biosystems). 

Procedures  for  Pure  Albumin.  Percent  OP-Labeled  Tyr 
411  Monitored  by  M  ALDI -TO  F.  A  5  fii  aliquot  of  10  mg/mL 
albumin  was  diluted  with  5  fii  of  1%  trifluoroacetic  and  digested 
with  2  /^L  of  1  mg/mL  porcine  pepsin  for  1-2  h  at  37  °C.  The 
digest  was  diluted  with  50%  acetonitrile  and  0.1%  trifluoroacetic 
acid  to  give  a  final  protein  concentration  of  about  0.5  mg/mL.  A 
0.5  fii  aliquot  was  spotted  on  the  M  ALDI  target  plate,  dried,  and 
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overlaid  with  0.5  jul  of  10  mg/mL  a-cyano-4-hydroxy  cinnamic 
acid.  M  S  spectra  were  acquired  with  the  laser  set  at  3000  V  and 
were  saved  to  Data  Explorer.  W  hen  the  saved  spectrum  was  opened 
in  Data  Explorer,  the  cluster  areas  appeared  in  an  output  window. 
Percent  OP-labeled  Tyr  411  was  calculated  by  dividing  the  cluster 
area  of  the  labeled  peptide  by  the  sum  of  the  cluster  areas  for  the 
unlabeled  and  labeled  peaks.  The  unlabeled  peptides  were  "^^^VRYT- 
KKVPQVSTPTL423  (1717.0  amu)  and  ^^^LVRYTKKVPQ- 
VSTPTL"^^^  (1830.1  amu).  After  covalent  bond  formation  with 
CPO,  these  masses  increased  by  136  amu  to  become  1853.0  and 
1966.1  amu.  After  covalent  bond  formation  with  FP-biotin,  these 
masses  increased  by  572.3  to  become  2289.3  and  2402.4  amu. 

Prolonged  T reatment  of  Albumin  with  C  PO .  A  t  the  ti me  that 
we  prepared  CPO-labeled  human  albumin,  we  knew  that  Tyr  411 
was  labeled  by  CPO  and  had  no  reason  to  suspect  that  other  residues 
might  also  be  labeled.  CPO  dissolved  in  ethanol  was  added  to  an 
albumin  solution  in  10  mM  ammonium  bicarbonate,  pH  8.3,  and 
0.01%  sodium  azide  in  six  additions  over  a  1  month  period. 

The  labeling  efficiency  was  poor  when  the  albumin  concentration 
was  500  mg/mL,  so  the  albumin  was  diluted  to  35  mg/mL,  and 
then  to  5  mg/mL,  and  finally  to  1  mg/mL.  The  final  ratio  was  7.7 
jumo\  of  albumin  to  146 /^mol  of  CPO.  During  thel  month  labeling 
time,  the  decision  to  add  more  CPO  was  based  on  the  percentTyr 
411  labeled.  No  further  additions  of  CPO  were  made  after  85%  of 
the  Tyr  411  had  been  labeled.  The  labeled  albumin  was  dialyzed 
against  10  mM  potassium  phosphate,  pH  7.0,  and  0.01%  azide  and 
processed  for  LC/M  S/M  S  analysis  in  the  QTRA P  mass  spectrometer. 

Identification  of  the  M  ost  Reactive  Residues.  The  conditions 
reported  to  label  1  mol  of  albumin  with  1  mol  of  DFP  were  used 
(10).  Human  albumin  (1.8  mg/mL)  in  10  mM  TrisCI,  pH  8.0,  was 
treated  with  a  20-fold  molar  excess  of  DFP  for  2  h  at  room 
temperature.  The  reaction  was  stopped  by  the  addition  of  solid  urea 
to  8  M  and  boiling  for  10  min  in  the  presence  of  10  mM 
dithiothreitol.  Free  sulfhydryl  groups  were  alkylated  with  iodoac- 
etamide.  The  carbamidomethylated  albumin  was  dialyzed  against 
2  X  4  L  of  10  mM  ammonium  bicarbonate  and  digested  with 
trypsin.  Tryptic  peptides  were  subjected  to  LC/M  S/MS  on  the 
QTRAP  2000. 

The  experiment  was  repeated  with  FP-biotin,  soman,  and  CPO. 
A  15  juM  solution  of  albumin  in  10  mM  TrisCI  pH  8.0  was  treated 
with  150  juM  FP-biotin  or  150 ^M  soman  or  150  juM  CPO  for  2  h 
at  22  °C.  Samples  with  intact  disulfides  were  digested  with  pepsin 
and  analyzed  by  M  ALDI-TOF.  Carbamidomethylated  tryptic  pep¬ 
tides  were  analyzed  by  LC/M  S/M  S.  Tryptic  peptides  labeled  with 
FP-biotin  were  also  purified  on  monomeric  avidin  beads  eluted  with 
50%  acetonitrile  and  0.1%  formic  acid  and  analyzed  by  M  ALDI- 
TOF-TOF. 

Stability  of  C  PO -Labeled  T yr  411.  The  stability  of  CPO-labeled 
Tyr  411  in  human  albumin  was  tested  at  pH  1.5,  7.4,  and  8.3  after 
incubation  for  up  to  7  months  at  22  and  -80  °C.  Albumin  labeled 
on  97%  of  Tyr  411  with  diethoxyphosphate  was  prepared  by 
incubating  1  mg/mL  human  albumin  (15.6  juM )  in  10  mM  TrisCI, 
pH  8.0,  and  0.01%  sodium  azide  with  118  ^M  CPO  for  2.5  days 
at  22  °C.  Excess  CPO  was  removed  by  dialysis  of  the  8.5  mL 
solution  against  2  x  4  L  of  10  mM  ammonium  bicarbonate,  pH 
8.3,  and  0.01%  azide. 

pH  1.5.  The  pH  of  2.6  mL  of  the  dialyzed  CPO-albumin  was 
adjusted  to  pH  1.5  by  adding  2.6  mL  of  1%  trifluoroacetic  acid. 
Half  of  the  sample  was  stored  at  room  temperature,  and  half  was 
divided  into  40  /ul  aliquots  and  stored  at  -80  °C. 

pH  7.4.  The  pH  was  adjusted  to  pH  7.4  by  dialyzing  3.3  mL  of 
the  CPO-albumin  preparation  against  4.5  L  of  10  mM  potassium 
phosphate,  pH  7.4,  and  0.01%  azide.  To  avoid  freeze-thaw 
artifacts,  samples  intended  for  storage  at  -80  °C  were  divided  into 
20  jul  aliquots  so  that  each  tube  was  thawed  only  once. 

pH  8.3.  The  pH  of  2.6  mL  of  CPO-albumin  was  brought  to  pH 
8.3  by  dialysis  against  10  mM  ammonium  bicarbonate  and  0.01% 
sodium  azide,  pH  8.3.  Samples  to  be  stored  at -80  °C  were  divided 
into  65  tubes  each  containing  20  jul. 

After  various  times,  a  tube  was  removed  from  -80  °C  storage, 
and  the  entire  contents  were  digested  with  pepsin.  Samples  stored 


Figure  1.  Structures  of  organophosphorus  agents.  Covalent  binding  to 
tyrosine  or  serine  results  in  loss  of  the  fluoride  ion  from  soman,  DFP, 
and  FP-biotin  and  of  the  aromatic  ring  from  CPO,  so  that  the  added 
mass  is  162.2  for  soman,  164.1  for  DFP,  136.0  for  CPO,  and  572.3  for 
FP-biotin.  The  arrows  in  FP-biotin  indicate  fragmentation  sites.  A  227 
amu  ion  is  produced  by  cleavage  between  carbon  16  and  the  adjacent 
nitrogen.  A  329  amu  ion  is  produced  by  cleavage  between  carbon  10 
and  the  adjacent  nitrogen.  The  312  amu  ion  is  produced  by  loss  of  the 
amine  from  the  329  ion. 

at  room  temperature  were  also  digested  with  pepsin.  The  digests 
were  analyzed  by  MALDI-TOF,  and  %  labeled  Tyr  411  was 
calculated  from  cluster  areas  as  described  above. 

The  sample  stored  at  -80  °C  in  pH  7.4  buffer  was  analyzed  by 
LC/M  S/M  S  to  determine  whether  sites  in  addition  to  T yr  411  were 
labeled.  The  CPO-albumin  was  denatured,  reduced,  carbamidom¬ 
ethylated,  and  digested  with  trypsin  in  preparation  for  LC/M  S/M  S. 
The  diethoxyphosphate  group  was  found  on  T yr  411  and  T yr  138. 

Results 

FP-Biotin  Labeled  Albumin  in  Human  Plasma.  The 

structures  of  the  organophosphorus  agents  are  shown  in  Figure 
1.  Five  tyrosines  and  two  serines  in  human  albumin  were  labeled 
with  FP-biotin  including  Tyr  138,  Tyr  148,  Tyr  401,  Tyr  411, 
Tyr  452,  Ser  232,  and  Ser  287  (Table  1). 

Supporting  MS/MS  spectra  for  these  assignments  are  in 
Figures  2-6.  A  peptide  labeled  with  FP-biotin  had  ions  at  227, 
312,  and  329  atomic  mass  units  (amu)  resulting  from  fragmen¬ 
tation  of  FP-biotin  (12).  Two  ions  characteristic  of  covalent 
binding  of  FP-biotin  to  the  hydroxyl  group  of  tyrosine  are  the 
immonium  ion  of  tyrosine-FP-biotin  at  708  amu  and  its  partner 
ion  at  691  amu,  produced  by  loss  of  NH3.  The  708  and  691 
amu  masses  are  prominent  in  Figure  2A,B  but  barely  visible  in 
Figure  3A,B.  An  additional  complexity  in  Figure  2A  is  the 
presence  of  ions  that  had  lost  a  329  or  226  amu  fragment  from 
FP-biotin. 

The  masses  in  Figure  2A  are  consistent  with  the  sequence 
YTK  where  the  added  mass  of  572  amu  from  FP-biotin  is  on 
Tyr.  The  complete  y-ion  series  is  present  (yl,  147.0  amu,  Lys; 
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Table  1.  FP-Biotinylated  Human  Albumin  Tryptic  Peptides 


Identified  by  LC /MS/MS" 

start- end 

Mr 

sequence 

FP-biotinylated 

138-144 

1499.8 

Y*LYEIAR 

Y138 

146-159 

2315.2 

HPY*FYAPELLFFAK 

Y148 

226-233 

1452.7 

AEFAEVS*K 

S232 

287-313 

3546.6 

S*HCIAEVENDEMPADLPSLAAD- 

FVESK 

S287 

390-402 

2230.0 

QNCELFEQLGEY*K 

Y401 

411-413 

983.5 

Y*TK 

Y411 

446-466 

3090.5 

MPCAEDY*LSVVLNQLCVLHEK 

Y452 

^  Residue  numbers  in  accession  #  gi:  3212456  are  for  the  mature 
albumin  protein  and  do  not  include  the  24  amino  acid  signal  peptide. 
The  added  mass  from  FP-biotin  is  572.3  amu.  Cysteines  were 
carbamidomethylated,  thus  adding  a  mass  of  57  amu. 


Figure  2.  M  S/M  S  spectra  of  albumin  peptides  labeled  with  FP-biotin 
on  Tyrosine.  (A)  Tyr  411  in  peptide  YTK  and  (B)  Tyr  138  in  peptide 
YLYEIAR  are  covalently  modified  by  FP-biotin.  The  characteristic 
fragments  of  FP-biotin  at  227.2,  312.4,  and  329.3  amu  are  present. 
Ions  characteristic  of  FP-biotin  modification  on  tyrosine  are  the 
immonium  ion  at  708  amu  and  the  immonium  ion  minus  17  at  691 
amu.  Support  for  modification  of  the  fi  rst  tyrosi  ne  rather  than  the  second 
in  YLYEIAR  is  the  mass  of  ionsa2,  b2,  and  a2^^.  The  doubly  charged 
parent  ion  in  panel  A  had  a  mass  of  492.2  amu.  The  triply  charged 
parent  ion  in  panel  B  had  a  mass  of  500.9  m/z. 

y2,  248.4  amu,  LysThr;  and  the  doubly  charged,  FP-biotinylated 
parent  ion).  Peaks  at  227.2,  312.4,  329.4,  691.3,  and  708.5  amu 
are  indicative  of  the  presence  of  FP-biotinylated  tyrosine.  The 
remaining  major  peaks  are  consistent  with  various  FP-biotiny- 
lated  tyrosine  fragments  missing  pieces  of  the  FP-biotin  moiety. 

Peptide  Y  LY  EIAR  has  two  tyrosines.  A  y-ion  series  (yl-y6) 
indicates  that  the  FP-biotin  label  is  on  the  N-terminal  Tyr. 
Additional  evidence  for  labeling  on  Tyr  138  rather  than  on  Tyr 
140  was  the  presence  of  the  a2  ion  at  821.4  amu,  the  b2  ion  at 
849.2  amu,  the  al^^  ion  at  354.8,  and  the  a2+^  ion  at  411.4 
m/z  (Figure  2B).  If  the  FP-biotin  had  been  attached  to  Tyr  140, 
the  masses  would  have  been  a2  =  249,  b2  =  277,  al^^  =  68, 
and  a2+^  =  125  amu.  Peaks  at  226.3,  312.4,  and  329.3  are 
fragments  of  FP-biotin.  M  asses  at  708.2  and  691.3  amu  for  FP- 


Figure  3.  M  S/M  S  spectra  of  albumin  peptides  labeled  with  FP-biotin 
on  Tyrosine.  (A)  Tyr  148  in  peptide  HPY  FYAPELLFFAK  is  labeled 
with  FP-biotin.  The  quadruply  charged  parent  ion  has  a  mass  of  579.7 
m/z.  The  FP-biotin  tyrosine  immonium  ion  is  at  708.5;  after  neutral 
lossof  226,itsmassis482.9.(B)Tyr401inpeptideQNCELFEQLGEY  K 
is  covalently  modified  by  FP-biotin.  The  triply  charged  parent  ion  in 
B  has  a  mass  of  744.2  m/z. 


Figure 4.  M  S/M  S  spectrum  of  albumin  peptide  labeled  with  FP-biotin 
on  tyrosine  452.  The  quadruply  charged  parent  ion  has  a  mass  of  773.3 
m/z.  The  carbamidomethylated  cysteine  is  indicated  as  CAM  .  Internal 
fragmentation  at  proline  yielded  the  458.2  ion  for  PC(CAM  )AE  and 
the  573.2  ion  for  PC  (CAM  )AED.  The  characteristic  fragments  of  FP- 
biotin  at  227.2,  312.2,  and  329.4  are  present.  The  FP-biotin-tyrosine 
immonium  ion  is  at  708.4  amu.  After  loss  of  an  amine,  the  FP-biotin 
tyrosine  immonium  ion  has  a  mass  of  691.4  amu. 

biotinylated  tyrosine  confirm  the  presence  of  FP-biotinylated 
tyrosine  in  the  peptide.  Analysis  of  the  missed  cleavage  peptide 
KYLYEIAR  supports  labeling  on  Tyr  138  (data  not  shown). 

Peptide  HPY  FYAPELLFFAK  in  Figure  3A  also  has  two 
tyrosines.  Evidence  for  labeling  on  Tyr  148  rather  than  on  Tyr 
150  is  the  presence  of  the  b4  ion  at  1118.5  amu,  the  a4+^  ion 
at  545.4  amu,  and  the  b4^^  ion  at  559.3  m/z.  The  total  mass  of 
the  b4  fragment  (1117.6  amu)  is  equal  to  the  fragment  H  PY  F 
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(545  amu)  plus  the  added  mass  from  FP-biotin  (572  amu),  Of 
the  four  residues  in  the  b4  fragment,  Tyr  148  is  the  most 
reasonable  candidate  for  labeling,  Fragment  masses  for  b5  and 
b6  also  support  labeling  of  Tyr  148  rather  than  Tyr  150.  An 
extensive  y-ion  series  (y2-y8)  supports  the  assignment  of  this 
peptide.  M  asses  at  227.3,  312.2,  and  329.4  indicate  the  presence 
of  FP-biotin.  Masses  at  691.2  and  708.5  amu  indicate  the 
presence  of  FP-biotinylated  tyrosine.  A  similar  analysis  was 
made  for  peptides  RHPY  FYAPELLFFAK  and  HPYFYAPELL- 
FFAKR,  which  differ  from  HPY  FYAPELLFFAK  by  virtue  of 
missed  cleavages  (data  not  shown). 

PeptideQNCELFEQLGEYK  in  Figure  3B  is  FP-biotinylated 
on  T yr  401  as  demonstrated  by  the  y2  ion  at  882.5  amu,  the  y3 
ion  at  1011.5  amu,  the  y4  ion  at  1068.5  amu,  and  the  y5  ion  at 
1181.8  amu.  They2  mass  is  equal  to  the  sum  of  Lys  (147  amu), 
Tyr  (163  amu),  and  the  added  mass  of  FP-biotin  (572  amu).  A 
variety  of  larger,  multiply  charged  y-ion  fragments  support  the 
labeling  assignment.  Prominent  b-ion  fragments  confirm  the 
identity  of  the  peptide.  Fragments  at  227.2,  312.2,  and  329.3 
amu  indicate  the  presence  of  FP-biotin  in  the  peptide. 

Peptide  MPCAEDYLSVVLNQLCVLHEK  in  Figure  4  is  FP- 
biotinylated  on  Tyr  452.  The  best  evidence  in  support  of  this 
interpretation  is  the  doubly  charged  mass  at  720.4  m/z,  which 
is  consistent  with  the  b7  ion  plus  the  added  mass  from  FP- 
biotin.  The  b7  ion  consists  of  M  PCAEDY ,  Of  these  residues, 
only  Tyr  452  is  a  reasonable  candidate  for  FP-biotinylation.  The 
b8+^,  b9+^,  and  bl0+^  ions  support  this  interpretation.  The 
y-series  (y3-yll)  supports  identification  of  this  peptide.  M  asses 
at  227.2,  312.2,  and  329.4  indicate  the  presence  of  FP-biotin, 
M  asses  at  691.4  and  708.4  amu  indicate  the  presence  of  FP- 
biotinylated  tyrosine  in  this  peptide,  A  missed  cleavage  form 
of  this  peptide,  RM  PCAEDYLSVVLNQLCVLHEK,  was  also 
analyzed,  and  the  results  support  labeling  of  Tyr  452  (data  not 
shown). 

Peptide SHCIAEVENDEMPADLPSLAADFVESK  in  Figure 
5A  is  FP-biotinylated  on  Ser  287.  Existence  of  an  FP- 
biotinylated  serine  is  indicated  by  the  major  peak  at  591.4  amu. 
This  is  a  characteristic  mass  from  FP-biotin  that  appears  as  the 
result  of  /3-type  elimination  of  FP-biotin  from  a  serine  adduct 
(Figure  5B),  during  collision-induced  dissociation  in  the  mass 
spectrometer  (12).  The  complementary  peptide  fragment  arising 
from  this  fragmentation  contains  a  dehydroalanine  in  place  of 
serine.  The  masses  of  a  b-series  (Ab5-Abl2)  containing  a 
dehydroal  ani  ne  resi  due  support  the  el  i  mi  nation  of  F  P-bi  oti  n  from 
serine.  Of  the  residues  in  the  b5  fragment  (SFICIA),  serine  at 
position  287  is  a  candidate  for  FP-biotinylation.  The  cysteine 
might  have  been  considered  a  target  for  labeling,  but  the  overall 
mass  of  the  fragment  is  consistent  with  carbamidomethylation 
on  the  cysteine.  A  y-ion  series  (y4-yl5)  supports  the  identifica¬ 
tion  of  the  peptide.  Additional  support  for  the  presence  of  FP- 
biotin  in  the  peptide  comes  from  characteristic  masses  at  312.1 
and  329.2  amu.  The  absence  of  the  characteristic  mass  at  227 
amu  is  common  for  FP-biotinylated  serine. 

The  MS/MS  spectrum  for  peptide  A EFAEVSK  labeled  by 
FP-biotin  on  Ser  232  is  in  Figure  6.  The  b-  and  y-ion  masses 
support  the  assigned  sequence.  Peaks  not  assigned  by  Protein 
Pilot  included  six  dehydroalanine  fragments  as  well  as  the  591 
amu  ion  of  FP-biotin  and  the  227,  312,  and  329  amu  fragments 
of  FP-biotin.  These  additional  peaks  strongly  support  the 
conclusion  that  Ser  232  of  albumin  was  labeled  by  FP-biotin. 
This  labeled  peptide  was  detected  by  the  sensitive  QSTAR  elite 
mass  spectrometer  but  not  by  the  QTRAP  2000  mass  spec¬ 
trometer.  No  FP-biotinylated  peptides  were  found  inthe  control 
plasma  that  had  not  been  treated  with  FP-biotin. 


Figures.  (A)  M  S/M  S  spectrum  of  albumin  peptide  labeled  with  FP- 
biotin  on  Ser  287.  The  triply  charged  parent  ion  has  a  mass  of  1183.8 
m/z.  The  carbamidomethylated  (CAM)  peptide  carried  the  FP-biotin 
on  Ser  287.  The  evidence  for  modification  on  serine  is  the  presence  of 
a  b-ion  series  for  the  dehydroalanine  form  of  the  peptide,  designated 
A.  The  591.4  amu  ion  is  FP-biotin  released  from  serine  where  the 
fluoride  Ion  has  been  replaced  by  a  hydroxyl  group.  Release  of  the 
entire  OP  accompanied  by  formation  of  dehydroalanine  Is  a  charac¬ 
teristic  of  OP  bound  to  serine.  Internal  fragmentation  at  prol  I  ne  yielded 
masses  at  284.0  for  PAD,  369.1  for  PSLA,  and  397.2  for  PADL.  (B) 
Scheme  for  //-elimination  of  the  OP  label  from  serine.  Fragmentation 
In  the  mass  spectrometer  eliminates  the  OP  from  serine  and  simulta¬ 
neously  converts  serine  to  dehydroalanine. 


Figures.  M  S/M  S  spectrum  of  albumin  peptide  labeled  with  FP-blotIn 
on  Ser  232.  This  spectrum  was  acquired  on  the  QSTAR  elite  mass 
spectrometer.  The  doubly  charged  parent  Ion  Is  at  726.9  amu.  The  peak 
at  591.3  Is  FP-blotIn  released  from  serine,  carrying  a  hydroxyl  group 
In  place  of  fluorine.  Four  y-lons  (y2,  y3,  y4,  and  y5)  carry  FP-blotIn 
on  serine,  whereas  six  y-lons  (Ay3-Ay8)  have  lost  FP-blotIn  as  well 
as  a  molecule  of  water,  thus  converting  serine  to  dehydroalanine. 

Search  for  Other  FP-Biotin-Labeled  Proteins  in  Human 
Piasma.  The  present  method  identified  7  FP-biotin-labeled 
aibumin  peptides  but  no  FP-biotin-iabeied  peptides  from  any 
other  protein.  A  Western  biot  hybridized  with  Streptavidin 
Alexafluor-680  showed  many  FP-biotinylated  bands  in  human 
plasma  treated  with  FP-biotin  under  our  conditions  (data  not 
shown).  One  such  protein  is  FP-biotinylated  plasma  butyryl- 
c  ho  I  inesterase  (1,  14).  However,  the  FP-biotinylated  butyryl- 
chol inesterase  peptide  was  not  found  with  the  present  methods, 
F  P-bi  oti  nyiated  peptides  from  proteins  other  than  albumin  are 
difficult  to  detect  in  the  presence  of  the  overwhelmingly  high 
concentration  of  albumin.  Even  after  depletion  of  albumin  with 
Cibacron  Blue,  the  concentration  of  albumin  was  still  too  high 
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Table  2.  CPO-Labeled  Human  Albumin  PeptidesT 


start- end 

Mr 

sequence 

CPO-labeled 

139-144 

1234.6 

K(C0NH2)Y*LYEIAR 

Y138 

146-159 

1877.9 

HPYFY*APELLFFAK 

Y150 

161-174 

1797.8 

Y*KAAFTECCQAADK 

Y161 

390-402 

1791.8 

QNCELFEQLGEY*K 

Y401 

411-413 

547.2 

Y*TK 

Y411 

446-466 

2653.2 

MPCAEDY*LSVVLNQLCVLHEK 

Y452 

^Peptide  KYLYEIAR  was  carbamylated  on  the  N-terminal  Lys  by 
degradation  products  in  urea,  adding  a  nnass  of  43.  Chorpyrifos  oxon 
adds  a  nnass  of  136  to  the  labeled  tyrosine. 


Figure?.  M  S/M  S  spectrum  of  albumin  peptide  labeled  with  CPO  on 
Tyr  161.  The  b2  and  b3  ions  support  labeling  on  tyrosine. 


Figures.  M  ALDI-TOF  spectrum  of  pepsin- digested  albumin  to  show 
labeling  of  Tyr  411  by  FP-biotin.  Pepsin  digestion  of  albumin  yields 
two  unlabeled  peptides  at  1717.2  (VRYTKKVPQVSTPTL)  and  1830.3 
(LVRYTKKVPQVSTPTL)  amu,  both  containing  Tyr  411.  Both  pep¬ 
tides  have  a  mass  shift  of  572.3  after  reaction  with  FP-biotin,  yielding 
the  peaks  at  2289.6  and  2402.7  amu.  The  FP-biotin  is  covalently  bound 
to  Tyr  411.  About  50%  of  the  Tyr  411  is  labeled  as  calculated  from 
cluster  areas  of  the  labeled  and  unlabeled  peaks. 

to  allow  detection  of  other  FP-biotinylated  peptides.  Human 
plasma  contains  5  mg  of  butyrylchol inesterase  and  50000  mg 
albumin  per  L.  In  experiments  not  described  in  this  report,  we 
found  OP-labeled  butyrylchol  inesterase  in  human  plasma  only 
after  the  butyrylchol  inesterase  had  been  purified  by  binding  to 
procainamide  affinity  gel,  thus  eliminating  more  than  95%  of 
the  albumin. 

Albumin  Residues  Labeled  by  CPO.  Prolonged  labeling  of 
pure  human  albumin  with  CPO  resulted  in  labeling  of  six 
tyrosines:  Y  138,  Y  150,  Y  161,  Y 401,  Y  411,  and  Y 452  (Table 
2).  Four  of  these  sites  were  also  labeled  by  FP-biotin  (Y 138, 
Y  401,  Y  411,  and  Y  452).  The  H  PY  FY  A  PE  L  L  F F A  K  peptide  was 
labeled  on  Tyr  150  by  CPO,  whereas  it  was  labeled  on  Tyr  148 
by  FP-biotin.  A  new  peptide  Y KAAFTECCQAADK  was 
labeled  by  CPO  (Figure  7)  and  not  by  FP-biotin.  Labeling  on 
tyrosine  is  supported  by  the  b  ion  series.  The  identity  of  the 
peptide  is  supported  by  the  y2-y8  ions.  Additional  MS/MS 


Figures.  Stability  of  the  di  ethoxy  phosphate  adduct  of  human  albumin 
on  Tyr  411.  Albumin  was  treated  with  CPO  to  achieve  97%  labeling 
of  Tyr  411.  Excess  CPO  was  removed  by  dialysis.  The  pH  of  the 
dialyzed  albumin  was  adjusted  to  1.5,  7.4,  and  8.3.  CPO-albumin 
samples  were  stored  at  22  and  -80  °C.  After  various  times  of  storage, 
samples  were  digested  with  pepsin  and  %  labeling  of  Tyr  411  was 
calculated  from  cluster  areas  of  labeled  and  unlabeled  peptides  in  the 
M  ALDI-TOF  mass  spectrometer.  CPO-labeled  Tyr  411  was  stable  at 
pH  1.5  and  7.4  when  CPO-albumin  was  stored  at  22  °C  (top  panel), 
and  it  was  stable  at  all  pH  values  when  CPO-albumin  was  stored  at 
-80  °C  (bottom  panel).  Storage  of  CPO-albumin  at  pH  8.3  at  22  °C 
resulted  in  release  of  half  of  the  di  ethoxy  phosphate  group  from  Tyr 
411  after  3.6  months. 


Figure  10.  Crystal  structure  of  human  albumin  showing  surface  location 
of  Tyr  138,  Tyr  148,  Tyr  401,  Tyr  411,  Tyr  452,  Ser  232,  and  Ser  287. 
The  residues  are  shown  as  space-filled  structures.  The  picture  was  made 
with  PyM  ol  software  using  the  structure  in  PDB  code  IbmO  (28). 

spectra  for  CPO-labeled  peptides  are  in  the  Supporting  Informa¬ 
tion  (Figures  S1-S5). 

Tyr  411  Reacts  Most  Readily  with  OP.  The  finding  that 
seven  tyrosines  and  two  serines  make  a  covalent  bond  with  OP 
led  to  the  question  of  which  amino  acid  reacts  most  readily 
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with  OP.  To  answer  this  question,  wedupiicated  the  conditions 
reported  to  label  one  molar  equivalent  of  human  albumin  with 
DFP  (10).  MALDI-TOF  analysis  of  pepsin-digested,  DFP- 
treated  human  albumin  suggested  that  80%  of  Tyr  411  was 
labeled  with  DFP.  MS/MS  analysis  of  a  tryptic  digest  of 
carbamidomethylated  DFP-treated  albumin  confirmed  that  Tyr 
411  in  peptide  Y*TK  was  labeled.  In  addition,  less  than  10% 
of  peptide  EFNAETFTFHADICT*LS*EK  was  labeled  (on 
residues  T515  and  S517). 

Albumin  treated  with  FP-biotin  for  2  h  and  digested  with 
pepsin  had  52%  of  itsTyr411  labeled  in  peptide VRY*TKKV- 
PQVSTPTL  as  calculated  by  MALDI-TOF  mass  spectrometry 
(Figure  8),  The  carbamidomethylated,  trypsin-digested  prepara¬ 
tion  analyzed  by  LC/M  S/M  S  confirmed  that  Tyr  411  in  peptide 
Y*TK  was  labeled  with  FP-biotin.  Peptide  HPY*FYAPELLF- 
FAK  was  labeled  on  Tyr  148  with  FP-biotin  but  to  less  than 
10%.  A  third  method  to  identify  FP-biotinylated  peptides  was 
purification  on  monomeric  avidin  beads  followed  by  MALDI- 
TOF-TOF  analysis.  This  method  yielded  only  one  FP-biotiny- 
lated  peptide,  the  Y*TK  peptide  labeled  on  Tyr  411. 

Soman-treated  albumin  (150  fiM  soman  for  2  h)  analyzed 
by  MALDI-TOF  and  LC/M  S/MS  yielded  only  one  labeled 
peptide.  The  soman  was  on  Tyr  411. 

Albumin  treated  with  CPO  for  2  h  before  digestion  with 
pepsin  or  trypsin  and  analyzed  by  MALDI-TOF  and  LC/MS/ 
M  S  was  labeled  on  Tyr  411.  Approximately  30%  of  the  Tyr 
411  sites  were  labeled  in  peptides  VRY*TKKVPQVSTPTL  and 
LVRY*TKKVPQVSTPTL.  In  addition,  less  than  5%  of  Thr 
566  in  peptide  ET*CFAEEGKK  and  less  than  5%  of  Thr  236 
and  Thr  239  in  peptide  LVT*DLT*KVHTECCHGDLLECADDR 
were  labeled.  We  conclude  that  Tyr  411  is  the  most  OP  reactive 
residue  in  human  albumin. 

Support  for  the  conclusion  that  Tyr  411  is  the  most  OP 
reactive  residue  in  albumin  comes  from  ref  2.  Williams 
incubated  the  albumin  fraction  of  human  plasma  with  radiola¬ 
beled  sarin,  digested  with  trypsin,  purified  the  radiolabeled 
peptides  by  HPLC,  and  analyzed  by  LC/M  S/MS.  A  single 
radiolabeled  peptide  was  isolated.  Its  sequence  was  YTK  with 
the  isopropyl  methyl phosphonyl  group  on  tyrosine. 

Unstable  OP-Ser  and  OP-Thr  but  Stable  OP-Tyr.  It  was 
noted  that  serine  and  threonine  residues  were  labeled  in  addition 
to  tyrosine  when  samples  had  been  incubated  at  pH  8, 0-8. 3 
for  2-48  h  but  were  not  found  in  samples  incubated  at  pH  8.3 
fora  month.  In  contrast,  OP-labeled  tyrosines  were  found  even 
after  1  month  of  incubation  at  pH  8.3.  Our  stability  study  of 
CPO-labeled  albumin  confirmed  that  the  Tyr  411  adduct  was 
stable  (Figure  9).  Incubation  at  pH  7.4  and  22  °C  resulted  in 
almost  no  loss  of  the  CPO  label  on  Tyr  411  after  7  months,  In 
contrast,  about  half  of  the  label  was  lost  after  3,6  months  at  pH 
8.3  and  22  °C.  The  CPO-labeled  Tyr  411  was  stable  at  pH  1.5 
and  22  °C  and  was  stable  at  all  pH  values  when  the  labeled 
albumin  was  stored  at  -80  °C.  These  results  suggest  that  OP- 
labeled  serine  and  threonine  adducts  are  unstable  as  compared 
to  OP-labeled  tyrosine. 

Surface  Location  of  OP  Reactive  Residues.  The  crystal 
structure  in  Figure  10  shows  the  five  tyrosines  and  two  serines 
that  become  labeled  by  FP-biotin.  These  residues  are  located 
on  the  surface  of  the  albumin  molecule  where  they  are  available 
for  reaction  with  OP. 

H  uman  albumin  has  18  tyrosines  and  24  serines  but  only  five 
tyrosines  and  two  serines  made  a  covalent  bond  with  FP-biotin, 
Their  special  reactivity  may  be  explained  by  a  nearby  arginine 
or  lysine  that  stabilizes  the  ionized  hydroxyl  of  tyrosine  or 
serine. 


Discussion 

M  any  OP-Reactive  Residues  in  H  uman  Aibumin.  A  Ithough 
Tyr  411  is  the  most  OP  reactive  residue  in  human  albumin,  an 
additional  eight  amino  acids  were  labeled  when  the  OP 
concentration  was  high  and  the  reaction  time  was  prolonged. 
The  reaction  with  FP-biotin  at  pH  8.0  resulted  in  the  labeling 
of  five  tyrosines  and  two  serines  in  albumin.  CPO  labeled  six 
tyrosines  (two  of  which  were  different  from  those  labeled  by 
FP-biotin)  and  no  serines.  We  agree  with  Means  and  Wu  (10) 
that  about  90%  of  the  label  is  on  T yr  411  and  10%  is  on  other 
residues. 

The  pKa  of  the  tyrosine  hydroxyl  group  is  10.1  and  of  the 
serine  hydroxyl  group  is  approximately  16,  based  on  comparison 
to  ethanol  (15).  In  the  absence  of  special  activation,  less  than 
1%  of  the  tyrosines  and  less  than  0.000001%  of  the  serines 
would  be  expected  to  be  ionized  at  pH  8.0.  Ionized  forms  react 
preferentially  with  OP,  so  the  reactivity  of  tyrosine  and 
especially  of  serine  with  OP  would  be  expected  to  be  poor  at 
pH  8.  The  special  reactivity  of  Tyr  411  suggests  that  the  p/Ca 
of  this  particular  tyrosine  has  been  lowered.  Means  and  Wu 
identified  an  OP  reactive  residue  in  albumin  that  had  a  pfCa  of 
8.3  (10).  It  is  likely  that  Tyr  411  corresponds  to  that  residue. 

Albumin  as  an  OP  Scavenger.  Our  results  show  that  albumin 
is  an  OP  scavenger,  undergoing  a  covalent  reaction  with  OP. 
As  such,  albumin  contributes  to  detoxication  of  OP.  A  significant 
amount  of  OP  can  be  bound  by  albumin  because  the  concentra¬ 
tion  of  albumin  in  serum  is  high  (!=»0.6  mM ),  even  though  the 
rate  of  reaction  with  OP  is  slow  (3). 

Tyrosines  with  an  abnormally  low  pfCg  are  involved  directly 
or  indirectly  in  the  catalytic  activity  of  numerous  enzymes 
including  glutathione  S-transferase  (16),  asparaginase  (17), 
//-lactamases  (18),  and  old  yellow  enzyme  (19).  Lowering  the 
pKg  of  tyrosines  in  albumin  by  modifying  their  environment, 
either  by  mutagenesis  or  by  chemical  modification  of  vicinal 
residues,  would  increase  the  reactivity  of  albumin  with  OP. 
Specific  nitration  of  tyrosine  by  tetranitromethane  was  found 
to  lower  the  p/Cg  of  tyrosine  to  6.8  (20).  A  nother  nitration  reagent 
of  tyrosine,  peroxynitrite,  was  found  to  increase  the  catalytic 
activity  of  a  few  enzymes  (21).  Thus,  specific  nitration  of 
tyrosine  residues  in  albumin  could  also  lead  to  a  gain  in 
reactivity  of  this  protein,  increasing  its  scavenging  properties. 

No  Aging  of  OP-Tyrosine  Adducts.  When  soman  or  DFP 
are  bound  to  acetylcholinesterase  or  butyrylchol inesterase,  the 
OP  loses  an  alkyl  group  in  a  process  called  aging  (22-25).  An 
aged  soman-labeled  peptide  would  have  an  added  mass  of  78 
rather  than  162;  an  aged  DFP-labeled  peptide  would  have  an 
added  mass  of  122  rather  than  164;  an  aged  CPO-labeled  peptide 
would  have  an  added  mass  of  108  rather  than  136.  Masses 
corresponding  to  aged  OP-labeled  peptides  were  not  found  in 
M  S  scans.  We  conclude  that  albumin  OP  adducts  on  tyrosine 
do  not  age. 

Support  for  this  conclusion  comes  from  the  work  of  others 
(2,  26).  Human  albumin  covalently  labeled  with  soman  or  sarin 
and  treated  with  sodium  fluoride  to  release  theOP  yielded  intact 
soman  and  sarin.  Soman-tyrosine  adducts  isolated  from  nerve 
agent-treated  guinea  pigs  contained  the  pinacolyl  group  of 
soman. 

The  absence  of  aging  is  a  special  advantage  for  OP-albumin 
as  a  biomarker  because  it  allows  for  a  more  precise  identification 
of  the  OP.  In  contrast,  soman  and  sarin  exposure  cannot  be 
distinguished  when  the  biomarker  is  cholinesterase,  where  aging 
of  OP  adducts  occurs  rapidly. 

OP  Labeling  of  Albumin  in  Living  Animals.  Guinea  pigs 
treated  with  the  nerve  agents  soman,  sarin,  cyclosarin,  ortabun 
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have  nerve  agent- labeled  albumin  in  their  blood  (2).  The  OPs 
are  bound  to  tyrosine.  The  tabun-tyrosine  and  soman-tyrosine 
adducts  were  detected  in  blood  7  days  postexposure,  indicating 
that  the  adducts  are  stable.  The  adducts  had  not  undergone  aging 
and  had  not  been  released  from  tyrosine  by  treatment  of  the 
guinea  pigs  with  oxime.  These  are  characteristic  features  of  OP 
adducts  on  albumin.  M  ice  treated  with  a  nontoxic  dose  of  FP- 
biotin  by  intraperitoneal  injection  had  FP-biotinylated  albumin 
in  blood  and  muscle  (I).  These  examples  show  that  OP  binds 
covalently  to  albumin  under  physiological  conditions  and  that 
OP-albumin  adducts  could  therefore  be  useful  as  biomarkers 
of  OP  exposure  (27).  Low  OP  doses  make  a  covalent  bond  with 
Tyr  411  of  albumin. 

Significance.  Our  results  suggest  that  OP  exposure  could  be 
monitored  by  mass  spectrometry  of  OP-albumin  adducts  or  with 
antibodies  against  OP-albumin  adducts.  The  surface  location 
of  the  OP-binding  sites  in  albumin  suggests  that  these  epitopes 
may  be  available  for  reaction  with  antibodies.  This  is  in  distinct 
contrast  with  acetylcholinesterase  and  butyry  I  cholinesterase 
where  the  OP  binding  site  is  buried  deep  within  the  molecule, 
making  it  unavailable  to  antibodies.  Antibodies  to  OP-albumin 
would  be  primarily  against  OP-labeled  Tyr  411  because  Tyr 
411  is  the  most  reactive  residue  at  low  OP  concentrations.  The 
common  OP  pesticides  yield  either  diethoxyphosphate  or 
dimethoxy phosphate  adducts.  Therefore,  only  two  antibodies 
would  be  needed  for  detection  of  exposure  to  common  OP 
pesticides.  The  studies  described  here  support  investigation  into 
whether  albumin  could  be  engineered  to  become  a  more  efficient 
OP  scavenger. 
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The  goal  was  to  test  14  nerve  agent  model  compounds  of  soman,  sarin,  tabun,  and  cyclohexyl 
methyl phosphonofluori date  (GF)  for  their  suitability  as  substitutes  for  true  nerve  agents.  We  wanted  to 
know  whether  the  model  compounds  would  form  the  Identical  covalent  adduct  with  human  butyrylcho- 
llnesterasethat  Is  produced  by  reaction  with  true  nerve  agents.  Nerve  agent  model  compounds  containing 
thiocholine  or  thiomethyl  in  place  of  fluorine  or  cyanide  were  synthesized  as  Sp  and  Rp  stereoisomers. 
Purified  human  butyryl cholinesterase  was  treated  with  a  45-fold  molar  excess  of  nerve  agent  analogue  at 
pH  7.4  for  17  h  at  21  °C.  The  protein  was  denatured  by  boiling  and  was  digested  with  trypsin.  Aged  and 
nonaged  active  site  peptide  adducts  were  quantified  by  matrix-assisted  laser  desorptlon/ionizatlon  time- 
of-flight  (M  ALDI-TOF)  mass  spectrometry  of  the  tryptic  digest  mixture.  The  active  site  peptides  were 
isolated  by  HPLC  and  analyzed  by  M ALDI-TOF-TOF  mass  spectrometry.  Serine  198  of  butyrylcho- 
linesterase  was  covalently  modified  by  all  14  compounds.  Thiocholine  was  the  leaving  group  in  all 
compounds  that  had  thiocholine  in  place  of  fluorine  or  cyanide.  Thiomethyl  was  the  leaving  group  in  the 
GF  thiomethyl  compounds.  However,  sarin  thiomethyl  compounds  released  either  thiomethyl  or  Isopropyl, 
while  soman  thiomethyl  compounds  released  either  thiomethyl  or  pinacolyl.  Thiocholine  compounds 
reacted  more  rapidly  with  butyryl  cholinesterase  than  thiomethyl  compounds.  Labeling  with  the  model 
compounds  resulted  In  aged  adducts  that  had  lost  the  0 -alky I  group  (0-ethyl  for  tabun,  0-cyclohexyl  for 
GF,  isopropyl  for  sarin,  and  pinacolyl  for  soman)  in  addition  to  the  thiocholine  or  thiomethyl  group.  The 
nerve  agent  model  compounds  containing  thiocholine  and  theGF  thiomethyl  analogue  were  found  to  be 
suitable  substitutes  for  true  soman,  sarin,  tabun,  and  GF  in  terms  of  the  adduct  that  they  produced  with 
human  butyryl  cholinesterase.  However,  the  soman  and  sarin  thiomethyl  compounds  yielded  two  types  of 
adducts,  one  of  which  was  thiomethyl  phosphonate,  a  modification  not  found  after  treatment  with  authentic 
soman  and  sarin. 


I  ntroduction 

The  nerve  agents  soman,  sarin,  tabun,  and  GF  are  among  the 
most  toxic  chemicals  known  (I).  M  inute  quantities  can  be  lethal 
to  humans,  as  demonstrated  in  the  Tokyo  subway  attack  with 
sarin  where  12  persons  died  and  about  5000  were  injured  (2). 
The  great  toxicity  of  these  agents  has  led  to  restriction  of  their 
use  for  investigational  purposes,  so  that  only  military  laboratories 
have  access  to  these  compounds.  Nonmilitary  research  labora¬ 
tories  must  use  nerve  agent  simulants,  such  as  diisopropylfluo- 
rophosphate,  or  nerve  agent  model  compounds.  We  chose  to 
use  nerve  agent  model  compounds,  whose  design  suggested  that 
they  would  yield  the  same  covalently  modified  protein  as  the 
true  nerve  agents.  Stereoselective  isomers  were  synthesized 
because  it  is  known  that  the  cholinesterases  react  preferentially 
with  specific  stereoisomers  of  nerve  agents  (3-6).  The  present 
work  tested  the  hypothesis  that  model  compounds  of  soman, 
sarin,  tabun,  and  GF  would  react  with  human  butyrylcholinest- 
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erase  to  yield  adducts  identical  to  those  produced  by  reaction 
with  true  nerve  agents.  This  information  will  determine  the 
choice  of  model  compounds  that  will  yield  suitable  nerve  agent 
modified  proteins  for  use  in  the  evaluation  of  biological  targets 
of  nerve  agents. 

Chromogenic  nerve  agent  analogues  containing  p-nitrophenol 
or  fluorescent  3-chloro-7-oxy-4-methylcoumarin  as  the  leaving 
group  have  been  synthesized  (7,  8).  They  make  adducts  identical 
to  those  of  authentic  nerve  agents,  Therefore,  these  analogues  are 
useful  for  screening  large  enzyme  libraries  for  nerve  agent 
hydrolase  activity,  Other  fluorescent  analogues  have  been  synthe¬ 
sized  for  use  in  the  search  for  variants  of  paraoxonase  that  detoxify 
nerve  agents  more  rapidly  than  wild-type  paraoxonase  (9). 

Nerve  agent  simulants  that  have  no  possibility  of  making  an 
adduct  identical  to  that  of  a  nerve  agent  include  demeton  (S-2- 
ethylthioethyl  0,0-dimethyl  phosphorothioate),  an  analogue  of  VX; 
diisopropylfluorophosphate,  an  analogue  of  sarin;  and  dipinacolyl 
methyl  phosphonate,  an  analogue  of  soman.  The  first  two  can  be 
used  as  substitutes  for  nerve  agents  when  characterizing  organo- 
phosphorus  hydrolases  (10),  The  third,  a  nontoxic  soman  analogue, 
is  used  for  immunoassay  screening  of  antibodies  (11). 
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M  aterials  and  M  ethods 

Materials.  Nerve  agent  model  compounds  were  synthesized  at 
the  Human  BioM  olecular  Research  Institute  (San  Diego,  CA)  (12). 
The  model  compounds  were  dissolved  in  dimethylsulfoxideto  make 
100  mM  solutions  and  used  immediately.  Human  butyrylcholinest- 
erase  was  purified  from  outdated  human  plasma  by  ion  exchange 
chromatography  at  pH  4.0  followed  by  affinity  chromatography  on 
procainamide-Sepharose,  and  anion  exchange  at  pH  7  on  a  Protein- 
Pak  DEAE  8HR  1000  A,  10  mm  x  100  mm  HPLC  column 
(Waters/M  illipore)  (13).  The  purified  butyryl cholinesterase  had  an 
activity  of  540  units/mL  (with  1  mM  butyrylthiocholine  at  25  °C, 
pH  7.0)  and  a  protein  concentration  of  0.75  mg/mL.  Sequencing 
grade  modified  trypsin  (V5113,  Promega,  M  adison,  Wl)  in  50  mM 
acetic  acid  at  a  concentration  of  0.4  /^gZ/iL  was  stored  at  -80  °C. 
a-Cyano-4-hydroxycinnamic  acid  (70990,  Fluka,  via  Sigma,  St. 
Louis,  MO)  was  recrystallized  from  ethanol,  dried,  and  stored  at 
-20  °C. 

Inhibition  of  Butyrylcholinesterase.  A  0.25  mL  aliquot  of 
butyryl  cholinesterase  (0.19  mg  =  2.2  nmol)  in  pH  7.4  phosphate- 
buffered  saline  was  treated  with  1  of  100  mM  nerve  agent 
analogue  at  21  °C  for  17  h.  The  molar  ratio  of  butyrylcholinesterase 
to  nerve  agent  was  1:45. 

Butyrylcholinesterase  Activity  Assay.  The  assay  contained  1 
mM  butyrylthiocholine,  0.5  mM  5,5-dithiobis(2-nitrobenzoic  acid) 
in  2  mL  of  0.1  M  potassium  phosphate,  pH  7.0,  at  25  °C,  and  IfA. 
of  butyrylcholinesterase.  The  absorbance  increase  at  412  nm  was 
recorded  on  a  Gilford  spectrophotometer  interfaced  to  M  acLab  200 
(AD Instruments  Pty  Ltd.,  Castle  Hill,  Australia)  and  a  Macintosh 
computer.  The  activity  was  calculated  from  the  extinction  coefficient 
of  13600  M  cm“T  U  nits  of  activity  are juvnol  substrate  hydrolyzed 
per  min. 

Digestion  with  Trypsin.  The  nerve  agent-treated  BChE  was 
denatured  in  a  boiling  water  bath  for  10  min.  The  cooled  solution 
received  2  /^L  of  1  M  ammonium  bicarbonate  to  raise  the  pH  to 
about  8.3  and  10 /^L  of  0.4/^g//^L  trypsin.  Digestion  was  overnight 
at  37  °C. 

HPLC.  Digests  were  centrifuged  to  removea  pellet  and  injected 
into  a  Phenomenex  C18  column,  100  mm  x  4.6  mm,  on  a  Waters 
625  LC  system.  Peptides  were  eluted  with  a  60  min  gradient  starting 
with  100%  buffer  A  (0.1%  trifluoroacetic  acid  in  water)  and  ending 
with  60%  buffer  B  (acetonitrile  containing  0.09%  trifluoroacetic 
acid)  at  a  flow  rate  of  1  mL  per  min.  One  milliliter  fractions  were 
collected. 

Matrix-Assisted  Laser  Desorption/Ionization  Time-of-Fiight 
(M  AL  Dl  -TO  F  )-TO  F  M  ass  Spectrometer.  T  he  di  gest  before  HPLC 
separation,  as  well  as  each  HPLC  fraction,  was  analyzed  in  the 
MS  mode  on  the  M ALDI-TOF-TOF  4800  mass  spectrometer 
(Applied  Biosystems,  Foster  City,  CA).  A  0.5  jul  aliquot  was 
spotted  on  an  Opti-TOF  384  Well  Insert  (P/N  1016629,  Applied 
Biosystems),  dried,  and  overlaid  with  0.5  jul  of  a-cyano-4- 
hydroxycinnamic  acid  (10  mg/mL  in  50%  acetonitrile  and  0.1% 
trifluoroacetic  acid).  MS  spectra  were  acquired  using  delayed 
extraction  in  reflector  mode  with  a  laser  intensity  of  3500  V .  Each 
spectrum  was  the  sum  of  500  laser  shots.  All  other  settings  on  the 
instrument  were  default  settings.  Default  settings  included  a  bin 
size  of  0.5  ns,  a  final  detector  voltage  of  1.905,  and  a  delay 
extraction  time  of  500  ns.  The  instrument  was  calibrated  with  Glu- 
Fibri nopeptide  standards.  Spectra  were  saved  to  Data  Explorer 
where  an  output  window  listed  the  cluster  area  for  each  peak. 

The  peptide  sequence  and  the  identity  of  the  modified  amino 
acid  were  determined  by  fragmenting  the  parent  ions  in  the  M  SI 
MS  mode  of  the  M ALDI-TOF-TOF  mass  spectrometer.  The 
acquisition  method  was  the  factory  method  M  S/M  S,  1  kv  positive. 
Default  settings  included  a  precursor  mass  window  of  ±10  Da  and 
a  random  pattern  of  shots.  The  metastable  suppressor  was  On,  and 
the  timed  ion  selector  was  enabled.  The  y  ions  and  b  ions  were 
assigned  with  the  aid  of  the  Proteomics  Toolkit,  a  free  online 
fragment  ion  calculator  (http://db.systemsbiology.net). 

Quantitation  of  Phosphonyiat^  Peptides.  Relative  amounts 
of  phosphonylated  peptides  before  and  after  aging  were  calculated 


from  cluster  areas  displayed  in  the  output  window  of  Data  Explorer. 
This  method  of  quantitation  assumed  that  the  unaged  and  aged 
peptides  ionize  with  similar  efficiencies.  Each  sample  served  as  its 
own  internal  control  because  the  two  peptides  whose  cluster  areas 
w  ere  com  pared  w  ere  i  n  the  same  M  A  L  D I  spot  inthesameMALDI- 
TOF  spectrum.  They  had  the  same  amino  acid  sequence  and  the 
same  net  charge.  The  phosphonate  in  the  aged  sample,  although 
negatively  charged  at  neutral  pH,  had  no  charge  in  0.1%  trifluo¬ 
roacetic  acid,  the  solvent  for  the  MALDI  matrix.  Thus,  the  net 
charge  on  both  peptides  was  the  same.  The  validity  of  calculating 
labeled  and  unlabeled  peptide  quantities  from  cluster  areas  in  the 
same  MALDI  spot  was  confirmed  by  amino  acid  composition 
analysis  for  peptides  labeled  by  reaction  with  p-nitrophenyl  acetate 
(14). 

Safety  Consideration.  Nerve  agent  model  compounds  are  less 
toxic  than  authentic  nerve  agents.  T o  ensure  the  safety  of  personnel, 
only  small  quantities  that  would  not  intoxicate  a  human  were  in 
one  vial.  Vials  were  opened  in  a  fume  hood.  Empty  vials  and  pipet 
tips  were  detoxified  in  0.1  M  sodium  hydroxide.  Personal  protective 
equipment  was  worn. 

Results 

Inhibition  of  Butyrylcholinesterase  Activity.  Purified  hu¬ 
man  butyrylcholinesterase  (0.75  mg/mL)  was  treated  with  a  45 
M  excess  of  the  nerve  agent  model  compounds  listed  in  T able 
LA  1  jul  aliquot  was  removed  after  various  times  to  measure 
enzyme  inhibition.  After  3  h  of  incubation  at  21  °C,  pH  7.4, 
inhibition  levels  were  90-99.9%  for  the  thiocholine  model 
compounds  (1-8  in  Table  1)  and  for  thethiomethyl  GF  model 
compounds  (9  and  10).  However,  inhibition  levels  for  the 
thiomethyl  sarin  and  soman  model  compounds  (11-14)  were 
about  80%  for  the  Sp  isomers  and  about  40%  for  the  Rp  model 
compounds.  The  incubations  were  continued  for  a  total  of  17  h 
at  which  time  all  samples  were  inhibited  at  least  85%.  The  least 
inhibited  sample  was  the  one  treated  with  thethiomethyl  soman 
Rp  analogue  14,  which  was  inhibited  about  85%.  In  summary, 
the  most  rapidly  reacting  inhibitors  were  the  thiocholine  model 
compounds.  The  most  slowly  reacting  inhibitors  were  the 
thiomethyl  Rp  model  compounds  of  sarin  and  soman. 

Mass  Spectrometry  of  Tryptic  Digests  To  Identify  Nerve 
Agent  Adducts  on  Butyrylcholinesterase.  After  17  h  of  treatment 
with  nerve  agent  model  compounds,  the  butyrylcholinesterase 
samples  were  denatured  by  boiling  and  were  digested  with 
trypsin.  The  digests  were  spotted  on  a  MALDI  plate,  and  the 
masses  of  the  labeled  active  site  peptides  were  determined  by 
M  A  L  D I  -TO  F  mass  spectrometry. 

Table  1  shows  the  structures  of  the  14  nerve  agent  model 
compounds  and  the  peptide  masses  observed  for  the  labeled 
active  site  tryptic  peptides  of  human  butyrylcholinesterase.  The 
amino  acid  sequence  of  the  29-residue  active  site  tryptic  peptide 
of  human  butyrylcholinesterase  is  SerValThrLeuPheGlyGluSer- 
A  laG  lyA  laA  laSerV  alSerLeuH  isLeuLeuSerProGlySerH  isSerLeu- 
PheThrArg.  The  active  site  serine  is  residue  8  in  the  peptide, 
which  corresponds  to  residue  198  in  the  mature  protein  and  to 
residue  226  in  accession  #P06276,  where  numbering  includes 
the  28  amino  acid  signal  peptide.  The  active  site  serine  was 
covalently  modified  by  the  nerve  agent  model  compounds. 

Nerve  agent  model  compounds  1  and  2  have  thiocholine  in 
place  of  the  cyanide  in  tabun,  while  model  compounds  3-8 
have  thiocholine  in  place  of  the  fluorine  atom  in  GF,  sarin,  and 
soman.  MALDI-TOF  mass  spectrometry  showed  that  the 
reaction  of  butyrylcholinesterase  with  nerve  agent  model 
compounds  1-8  resulted  in  covalent  binding  of  the  nerve  agent 
to  serine  198  and  simultaneous  release  of  thiocholine.  This 
reaction  is  illustrated  in  Figure  1  with  the  sarin  thiocholine 
analogue. 
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T able  1.  Structures  of  Nerve  Agent  M  odel  Compounds  and  M  asses  of  the  Butyrylchol inesterase  T ryptic  Peptide  after  Labeling 

and  Aging 


# 

Structure 

analog  of 

isomer 

adduct  mass 

(abundance,  %) 

mass  of  aged  adduct 

(abundance,  %) 

1 

1 

tabun 

Sp 

3063.5  (50±5%) 

3036  (50±5%) 

2 

1  9 

tabun 

Rp 

3063.5  (54±2%) 

3036  (46±2%) 

3 

GF 

Sp 

3088.5  (44±2%) 

3006.5  (56±2%) 

4 

GF 

Rp 

3088.5  (86±3%) 

3006.5  (14±3%) 

5 

sarin 

Sp 

3048.5  (74±3%) 

3006.5  (26±3%) 

6 

sarin 

Rp 

3048.5  (99±1%) 

3006.5  (1±1%) 

7 

^1  *  "1 

soman 

Sp 

3090.5  (26±4%) 

3006.5  (74±4%) 

8 

soman 

Rp 

3090.5  (78±5%) 

3006.5  (22±5%) 

9 

-S'f'o-O 

GF 

Sp 

3088.5  (40±1%) 

3006.5  (60±1%) 

10 

GF 

Rp 

3088.5  (38±2%) 

3006.5  (62±2%) 

11 

-sXoX 

sarin 

Sp 

3048.5  (79±3%) 

3036.5  (5±1%) 

3006.5  (16±1%) 

12 

sarin 

Rp 

3048.5  (76±2%) 

3036.5  (13±2%) 

3006.5  (11±3%) 

13 

soman 

Sp 

3090.5  (26±2%) 

3036.5  (19±2%) 

3006.5  (55±1%) 

14 

soman 

Rp 

3090.5  (8±2%) 

3036.5  (70±5%) 

3006.5  (22±3%) 

a  Numbers  in  parentheses  (%)  indicate  the  relative  abundance  of  each  type  of  adduct  after  17  h  of  reaction  at  pH  7.4  and  21  °C  for  four  replicates  ± 
standard  deviation.  The  monoisotopic  mass  of  the  singly  charged  unlabeled  peptide  is  2928.5  amu.  Accession  number  P06276  for  human 
butyrylchol  inesterase. 


The  mass  of  the  tryptic  peptide  became  3063.5  after  the 
addition  of  135  amu  from  the  tabun  analogue  (1  and  2  in  T able 
1),  3088.5  after  the  addition  of  160  amu  from  the  G  F  analogue 
(3  and  4),  3048.5  after  the  addition  of  120  amu  from  the  sarin 


analogue  (5  and  6),  and  3090.5  after  the  addition  of  162  amu 
from  the  soman  analogue  (7  and  8).  These  masses  are  consistent 
with  release  of  thiocholine  from  model  compounds  1-8  upon 
covalent  bond  formation  with  butyrylchol  inesterase.  The  same 


Nerve  Agent  Analogues 
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^HCH^OH  +  CI-l3N^-CH2CH2S-P-OCH(CH3)2  - ►  CHCH^O -P-OCH(CH3)2  +  Ch^N'^-CH^CH^S 

CH3  CH3  I  CHg  CHg 

3er  198  sarin  thiocholine  analog  adduct  on  Ser  198  thiocholine 

added  mass  +120 

aging 

1  ? 

CHCH^O-P-OH  +  H0CH(CH3)2 

I  CH3 

aged  adduct  isopropanol 

Figure  1.  Covalent  binding  of  the  sarin  nerve  agent  model  compounds 
5  or  6  to  human  butyryl cholinesterase.  The  active  site  serine  (Serl98) 
forms  an  initial  adduct  with  an  added  mass  of  +120  amu.  Thiocholine 
is  released  in  this  step.  This  is  followed  by  a  dealkylation  reaction  called 
"aging",  which  releases  isopropanol. 

adducts  form  when  butyryl  cholinesterase  is  treated  with  au¬ 
thentic  tabun,  GF,  sarin,  and  soman. 

M  ass  spectrometry  also  showed  that  the  adducts  for  com¬ 
pounds  3-8  in  Table  1  underwent  a  dealkylation  reaction  in 
which  sarin  lost  isopropyl,  GF  lost  0-cyclohexyl,  and  soman 
lost  pinacolyl  alcohols.  The  aged  products  all  had  the  same 
monoisotopic  mass  of  3006.5,  consistent  with  the  structure 
shown  in  Figure  1  for  the  methyl phosphony I  adduct  whose 
added  mass  is  78  amu.  The  resuitfor  aging  of  the  tabun  adduct 
was  unclear  (1  and  2  in  Table  1).  The  aged  product  appeared 
to  have  a  mass  of  3036  amu,  which  does  not  allow  one  to 
distinguish  between  3036.5  amu  for  loss  of  the  dimethylamine 
and  3035.5  amu  for  loss  of  the  0 -ethyl  group.  However,  the 
crystal  structure  of  the  aged  tabun  adduct  of  human  butyryl- 
chol inesterase  showed  that  aging  resulted  in  loss  of  0-ethyl  (15). 
B  ecause  the  crystal  structure  is  definitive,  we  conclude  that  aging 
of  the  tabun  adduct  results  in  loss  of  the  0-ethyl  group. 

The  thiomethyl  model  compounds  of  GF  (9  and  10  in  Table 
1)  made  a  butyrylcholinesterase  adduct  with  an  added  mass  of 
160  amu,  which  means  that  the  thiomethyl  group  was  released 
during  covalent  bond  formation  with  serine  198.  Both  isomers 
formed  the  same  adduct,  although  the  Sp  isomer  reacted  more 
rapidly  than  the  Rp  isomer. 

The  thiomethyl  model  compounds  of  sarin  (11  and  12  in 
T able  1)  released  either  thiomethyl  or  isopropyl  to  form  adducts 
with  an  added  mass  of  +120  or  +108.  For  example,  for  the 
thiomethyl  sarin  Rp  isomer  12,  it  was  estimated  that  about  76% 
had  an  added  mass  of  120  amu  (to  give  3048.5)  representing 
loss  of  thiomethyl,  while  13%  had  an  added  mass  of  108  amu 
(to  give  3036.5)  representing  loss  of  isopropyl.  The  remaining 
11%  was  the  aged  adduct  with  a  monoisotopic  mass  of  3006.5 
amu. 

Similarly,  the  thiomethyl  model  compounds  of  soman  (13 
and  14  in  Table  1)  formed  adducts  that  released  either  the 
thiomethyl  or  the  pinacolyl  group.  For  the  thiomethyl  Sp  soman 
isomer  13,  it  was  estimated  that  26%  had  a  mass  of  3090.5 
representing  loss  of  the  thiomethyl  group,  19%  had  a  mass  of 

3036.5  representing  loss  of  pinacolyl,  and  55%  had  a  mass  of 

3006.5  representing  loss  of  both  thiomethyl  and  pinacolyl 
groups.  I  n  contrast,  the  thiomethyl  Rp  soman  isomer  14  formed 
a  majority  of  3036.5  amu  adduct  (70%),  representing  loss  of 
pinacolyl.  Only  22%  of  the  thiomethyl  Rp  soman  adduct  had 
aged  to  3006.5  amu. 

We  conclude  that  the  initial  adducts  with  the  thiomethyl 
model  compounds  of  sarin  and  soman  differ  from  those 
produced  by  authentic  sarin  and  soman  because  5-70%  retained 
the  thiomethyl  group  on  the  phosphorus  atom.  In  contrast,  all 
of  the  thiocholine  model  compounds  yield  adducts  that  are 
indistinguishablefrom  those  produced  by  authentic  nerve  agents. 
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Figure  2.  M  ALDI-TOF  spectra  of  tryptic  digests  of  human  butyryl¬ 
cholinesterase  inhibited  with  (A)  GF  thiocholine  Sp  isomer,  (B)  GF 
thiocholinefip  isomer,  (C)  thiomethyl  soman  Rp  Isomer,  and  (D)  tabun 
thiocholine  Rp  Isomer.  The  Inhibition  reaction  proceeded  at  21  °C  for 
17  h  In  pH  7.4  buffer  with  a  45-fold  molar  excess  of  nerve  agent 
analogue.  Each  MALDI  spot  contained  0.5  fi\.  of  8.8  pmol//<L 
butyrylcholinesterase  digest.  The  laser  Intensity  was  3500  V. 


Quantitation  of  T ypes  of  Adducts.  V alues  for  the  relative 
abundance  of  the  adducts  in  T able  1  were  calculated  from  cluster 
areas  in  M  ALDI-TOF  spectra  of  trypsin-digested  nerve  agent 
analogue-inhibited  butyrylcholinesterase.  The  calculation  as¬ 
sumes  that  the  peptides  ionize  with  similar  efficiencies  when 
serine  carries  the  nonaged  or  aged  nerve  agent.  Examples  of 
MALDI-TOF  spectra arein  Figure 2.  PanelsA  and  B  compare 
the  M  ALDI-TOF  spectra  of  the  tryptic  digests  of  butyrylcho¬ 
linesterase  inhibited  with  the  GF  Sp  thiocholine  isomer  and  the 
GF  fip  thiocholine  isomer  (3  and  4  in  T able  1).  The  peak  clusters 
at  3088.5  are  isotopes  of  the  active  site  peptide  labeled  on  serine 
with  cyclohexyl  methyl phosphonate.  The  peak  clusters  at  3006.5 
are  isotopes  of  the  labeled  active  site  peptide  that  has  lost  the 
cyclohexyl  group  as  a  result  of  aging,  The  peak  areas  for  3006,5 
and  3088.5  are  approximately  equal  for  GF  Sp  in  Figure  2A, 
showing  that  about  56%  of  the  labeled  butyrylcholinesterase 
has  aged.  In  contrast,  86%  of  the  labeled  peptide  in  Figure  2B 
has  a  mass  of  3088.5  and  14%  has  a  mass  of  3006.5,  indicating 
that  the  GF  fip  isomer  yielded  low  amounts  of  aged  butyryl¬ 
cholinesterase. 

TheMALDI-TOF  spectrum  of  Figure  2C  shows  a  prominent 
peak  at  3036.5  for  the  tryptic  peptide  of  butyrylcholinesterase 
labeled  with  the  thiomethyl  soman  fip  isomer.  About  70%  of 
the  labeled  peptide  is  the  thiomethyl  methyl  phosphonate  adduct 
with  mass  3036.5.  This  is  an  unusual  adduct  that  is  not  found 
by  reaction  with  authentic  soman,  The  peaks  at  3090,5  for  the 
pinacolyl  methylphosphonate  adduct  and  at  3006,5  for  the  aged 
adduct  represent  8  and  22%  of  the  labeled  peptide.  The 
unlabeled  active  site  peptide  has  a  monoisotopic  mass  of  2928.5 
amu  for  the  singly  charged  ion. 

Figure  2D  shows  peaks  for  the  nonaged  tabun  adduct  at 
3063,5  and  aged  tabun  adduct  at  3036,0,  About  46%  of  the 
labeled  peptide  is  the  nonaged  adduct  and  54%  the  aged  adduct, 

Verification  of  Peptide  Identities.  The  masses  in  Table  1 
are  consistent  with  the  interpretation  that  they  are  the  nerve  agent 
analogue  labeled  tryptic  peptides  of  human  butyrylcholinest¬ 
erase.  However,  these  masses  do  not  provide  irrefutable  proof 
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Figure  3.  Reverse  phase  HPLC  of  trypsin-digested  human  butyryi- 
choi inesterase  iabeied  with  thiomethyi  sarin  fip.  The  0.18  mg  of  iabeied 
human  butyryichoiinesterase  (2.2  nmoi)  was  digested  with  trypsin  and 
ioaded  onto  a  100  mm  x  4.6  mm  Phenomenex  C18  coiumn.  Peptides 
were  eiuted  with  a  60  min  gradient,  from  0  to  60%  acetonitriie  and 
0.1%  trifluoroacetic  acid  at  a  flow  rate  of  1  mL/min.  A  0.5  juL  aliquot 
from  each  1  mL  fraction  was  examined  in  the  MALDI-TOF  mass 
spectrometer  to  identify  the  fraction  that  contained  the  active  site 
peptide.  The  inset  summarizes  the  elution  times  for  unlabeled  peptide 
and  for  peptides  labeled  with  tabun,  GF,  sarin,  or  soman. 

of  the  peptide  identities.  Absolute  proof  was  obtained  from  M  S/ 
M  S  spectra  of  peptides  that  had  been  purified  by  reverse  phase 
HPLC.  Figure  3  shows  an  HPLC  trace  monitored  at  210  nm 
for  a  tryptic  digest  of  butyryichoiinesterase  labeled  with 
thiomethyi  sarin  Rp  (11  In  Table  1),  The  aged  peptide  of  mass 
3006.5  amu  and  the  unlabeled  peptide  of  mass  2928.5  amu 
eluted  between  34  and  35  min.  The  thiomethyi  phosphonate 
adduct  of  mass  3036.5  eluted  between  35  and  37  min.  The 
isopropyl  phosphonate  adduct  of  mass  3048.5  eluted  between 
36  and  38  min. 

HPLC  traces  for  the  other  labeled  butyryichoiinesterase 
digests  were  nearly  identical  in  appearance  to  the  trace  in  Figure 
3.  There  were  no  distinguishing  peaks  that  could  be  assigned 
to  labeling  by  a  particular  nerve  agent  analogue.  Although  the 
labeled  active  site  peptides  eluted  between  34  and  41  min,  they 
coeluted  with  other  peptides,  The  presence  of  the  other  peptides 
explains  why  the  HPLC  traces  are  not  unique  for  each  type  of 
label.  The  inset  to  Figure  3  shows  that  the  heavier  masses  tended 
to  elute  later  than  the  lighter  masses. 

MS/MS  spectra  were  acquired  for  0.5  fiL  aliquots  of  the 
HPLC  fractions  by  using  the  MS/MS  mode  of  the  MALDI- 
TOF-TOF  mass  spectrometer.  The  eight  spectra  in  Figure4  are 
for  the  active  site  tryptic  peptide  of  human  butyryichoiinesterase. 
The  spectrum  in  panel  A  is  for  the  unlabeled  peptide,  while  the 
spectra  in  panels  B-H  are  for  the  peptides  labeled  on  serine 
198  (serine  8  in  the  peptide)  by  various  phosphonates.  No 
distinction  is  made  between  the  adducts  formed  by  Sp  and  Rp 
isomers  because  they  yielded  the  same  adduct  masses. 

The  unlabeled  peptide  in  Figure  4A  has  a  singly  charged 
parent  ion  of  mass  2928.5  amu.  The  y  ion  series  supports  the 
amino  acid  sequence  SVTLFGESAGAASVSLHLLSPGSH- 
SLFTR.  The  most  prominent  peak,  y9  with  mass  1001.1, 
represents  cleavage  between  serine  and  proline  to  yield  the  y9 
ion  PGSHSLFTR,  consistent  with  the  fact  that  peptide  bonds 
on  the  N-terminal  side  of  proline  are  particularly  susceptible  to 


collision-induced  dissociation  (16).  The  mass  at  2195,1  amu 
represents  cleavage  on  the  N-terminal  side  of  the  active  site 
serine  to  yield  the  y22  ion  SAGAASVSLHLLSPGSHSLFTR. 

Figure  4B  shows  the  M  S/M  S  spectrum  for  the  singly  charged 
parent  ion  of  mass  3006.5  where  the  active  site  serine  is  labeled 
with  methyl  phosphonate.  The  same  derivative  was  produced  by 
aging  of  butyryichoiinesterase  inhibited  by  GF,  sarin,  and  soman. 
The  alkyl  group  that  distinguishes  GF,  sarin,  and  soman  has 
been  enzymatically  removed  during  the  aging  process  to  yield 
an  adduct  of  mass  3006.5  amu.  The  peak  at  2910.1  amu  is  the 
Ay29  ion.  This  ion  is  consistent  with  the  loss  of  the  organo- 
phosphorus  agent  and  loss  of  a  molecule  of  water  from  the 
parent  ion  to  yield  dehydroalanine  in  place  of  the  phosphonyl- 
ated  active  site  serine.  The  Ay29  ion  is  prominent  in  Figure 
4B-H,  showing  that  all  organophosphorus  agents,  regardless 
of  their  identity,  are  easily  released  from  serine  in  the  M  S/M  S 
mode  of  the  mass  spectrometer.  Similarly,  the  Ay23  ion  at 

2306.2  contains  dehydroalanine  in  place  of  serine,  Support  for 
our  assignment  of  dehydration  at  the  active  site  serine  and  not 
at  one  of  the  other  serine  residues  in  the  Ay23  ion  comes  from 
the  fact  that  the  masses  of  the  y21  and  smaller  y  ions  are 
consistent  with  peptides  that  contain  normal  serines.  Figure  4B 
has  two  types  of  y22  ions,  The  y22  ion  at  2195.1  has  the  same 
mass  as  the  y22  ion  in  the  spectrum  for  unlabeled  peptide  in 
Figure  4A ,  Its  presence  in  Figure  4B  suggests  that  some  of  the 
organophosphorus  agent  was  released  from  serine  without 
concomitant  loss  of  a  molecule  of  water,  so  that  the  serine 
remained  serine,  The  other  y22  ion  at  2273.0  amu  has  the 
methyl  phosphonate  intact  on  the  active  site  serine.  The  y24  ion 
at  2459,2  amu  also  carries  intact  methyl  phosphonate,  These  ions 
provide  additional  proof  for  modification  of  the  active  site  serine 
by  methyl  phosphonate, 

Figure  4C  shows  the  M  S/M  S  spectrum  for  the  singly  charged 
parent  ion  of  mass  3035.5  where  the  active  site  serine  is  labeled 
with  dimethylaminephosphonate.  The  modification  is  the  result 
of  aging  of  tabun-labeled  butyryichoiinesterase  with  release  of 
0-ethyl.  Two  types  of  y22  ions  are  present.  The  Ay22  ion  at 

2177.2  amu  has  lost  the  organophosphorus  agent  and  a  molecule 
of  water  and  therefore  contains  dehydroalanine  in  place  of  the 
active  site  serine.  The  y22  ion  at  2302.2  amu  retains  the 
organophosphorus  agent.  Similarly,  the  b24  ion  at  2413.2  and 
the  y25  ion  at  2635,3  retain  the  organophosphorus  agent,  Ions 
that  retain  the  organophosphorus  agent  provide  additional  proof 
of  the  mass  of  the  modifying  agent. 

Figure  4D  shows  the  M  S/M  S  spectrum  for  the  singly  charged 
parent  ion  of  mass  3036.5  where  the  active  site  serine  is  labeled 
with  thiomethyi  methylphosphonate.  This  unusual  modification 
was  produced  by  reaction  of  butyryichoiinesterase  with  thio¬ 
methyi  sarin  and  thiomethyi  soman  model  compounds,  T o  create 
this  adduct,  thiomethyi  sarin  released  the  isopropyl  group  or 
thiomethyi  soman  released  the  pinacolyl  group,  leaving  the 
thiomethyi  group  on  phosphorus.  The  thiomethyi  derivative  is 
not  observed  with  authentic  nerve  agents.  The  y22  ion  at  2303.1, 
the  y24  ion  at  2489.1,  and  the  y23  ion  at  2432.2  amu  retain  the 
thiomethyi  methylphosphonate  on  serine.  The  majority  of  the 
organophosphorus  agent  has  been  released  from  serine  to  yield 
the  dehydroalanine  ions  Ay29  at  2910.9  and  Ay22  at  2177.0. 
The  thiomethyi  sarin  and  soman  model  compounds  also 
produced  the  alternative  adducts  shown  in  Figure  4E,H. 

Figure  4E  shows  the  M  S/M  S  spectrum  for  the  singly  charged 
parent  ion  of  mass  3048.5  where  the  active  site  serine  is  la¬ 
beled  with  0-isopropyl  methylphosphonate  by  thiomethyi  sarin 
and  thiocholine  sarin  model  compounds,  compounds  5,  6,  11, 
and  12. 1  n  this  spectrum,  most  of  the  label  has  been  released  to 
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Figure 4.  M  S/M  S  spectra  acquired  on  the  M  ALDI-TOF-TOF  mass  spectrometer  for  peptide  SVT LFGE SAGA  ASVSLFILLSPGSFISLFTR  of  human 
butyryichoi inesterase.  (A)  No  iabei,  (B)  methyiphosphonate  adduct  produced  by  aging  of  GF,  sarin,  and  soman  adducts,  (C)  aged  tabun  adduct,  (D) 
thiomethyi  methyiphosphonate  adduct  produced  by  reaction  with  thiomethyi  sarin  and  soman  modei  compounds,  (E)  nonaged  sarin  adduct,  (F) 
nonaged  tabun  adduct,  (G)  nonaged  GF  adduct,  and  (FI)  nonaged  soman  adduct.  The  A  symboi  designates  masses  that  are  consistent  with  ioss  of 
the  phosphonate  and  a  moiecuie  of  water.  The  boxed  masses  designate  fragments  that  retain  the  phosphonate. 


produce  the  Ay29  dehydroalanine  ion.  However,  they22  ion  at 
2315.5  and  the  y24  ion  at  2501.2  indicate  that  a  portion  of  the 
peptides  retain  the  0 -isopropyl  methyiphosphonate  on  the  active 
site  serine. 

Figure  4F  shows  the  M  S/M  S  spectrum  for  the  singly  charged 
parent  ion  of  mass  3063.5  where  the  active  site  serine  is  labeled 


with  0-ethyl,  W-dimethylphosphonoamidate  by  tabun  model 
compounds,  compounds  1  and  2.  The  y22  ion  at  2330.2  retains 
the  phosphoamidate  on  the  active  site  serine.  The  y25  ion  at 
2635.3  has  lost  0-ethyl  but  retains  di  methyl  ami  nephosphonate. 

Figure4GshowstheMS/MSspectrumforthesinglycharged 
parent  ion  of  mass  3088.5  where  the  active  site  serine  is  labeled 
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Figure5./3-Elimlnatlon  converts  serine  to  dehydroalanine  and  releases 
the  organophosphorus  agent  from  serine. 

with  0-cyclohexyl,  methyl phosphonate  by  thiocholine  GF  and 
thiomethyl  GF  model  compounds,  compounds  3,  4,  9,  and  10. 
The  y22  ion  at  2355.1  and  the  b24  ion  at  2466.2  retain 
phosphonate  on  the  active  site  serine, 

Figure  4H  shows  the  M  S/M  S  spectrum  for  the  singly  charged 
parent  ion  of  mass  3090.5  where  the  active  site  serine  is  labeled 
with  0-pinacolyl  methyl  phosphonate  by  thiocholine  soman 
and  thiomethyl  soman  model  compounds,  compounds  7,  8, 13, 
and  14,  This  spectrum  was  taken  from  a  sample  labeled  with 
compound  8  (the  Rp  thiocholine  analog  of  soman),  The  pinacolyl 
group  is  still  present  on  this  parent  ion  because  the  Rp  analogue 
did  not  undergo  aging.  The  y22  ion  at  2357.1  and  the  y23  ion 
at  2487.5  retain  the  phosphonate  on  the  active  site  serine  and 
thus  support  the  parent  ion  mass  in  providing  proof  that  the 
modifying  agent  was  the  soman  analogue. 

;S-Elimination  To  Release  Organophosphorus  Agent.  The 
Ay29  ion  in  Figure  4B-H  has  29  amino  acids  but  no  active 
site  serine  and  no  organophosphorus  agent.  The  masses  are 
consistent  with  the  interpretation  that  serine  was  converted  to 
dehydroalanine  during  a^-elimination  reaction  that  released  the 
organophosphorus  agent,  Sequence  analysis  of  the  modified 
active  site  peptide  indicates  that  the  conversion  to  dehydroala¬ 
nine  occurs  only  on  the  serine  that  had  been  modified  with 
organophosphorus  agent.  None  of  the  other  six  serines  in  this 
peptide  was  converted  to  dehydroalanine.  The  likely  mechanism 
to  explain  the  loss  of  organophosphorus  agent  plus  loss  of  a 
molecule  of  water  is  illustrated  in  Figure  5.  The  mass  spec¬ 
trometer  promotes  //-elimination  by  excitation  of  peptide  ions 
during  M  S/M  S  acquisition.  An  analogous /3-elimination  occurs 
in  the  test  tube  when  the  sample  pH  is  raised  to  pH  11  or  higher. 

Two  M  echanisms  T o  Release  Organophosphorus  Agent 
in  the  Mass  Spectrometer.  Figure  4B  shows  one  example  of 
the  MS/MS  spectrum  of  the  aged  adduct  for  GF,  sarin,  and 
soman.  We  have  a  total  of  12  M  S/M  S  spectra  for  parent  ion 

3006.5  for  compounds  3-14,  Comparison  of  the  12  MS/MS 
spectra  shows  a  pattern  of  fragment  ions  suggesting  two 
mechanisms  of  fragmentation  for  aged  adducts.  All  MS/MS 
spectra  of  parent  ion  3006.5  have  peaks  at  2928.5  and  2910.5 
amu,  which  are  of  comparable  high  intensity.  The  y29  ion  at 

2928.5  is  the  active  site  peptide  from  which  the  nerve  agent 
has  been  released  while  leaving  the  serine  structure  intact,  The 
Ay29  ion  at  2910.5  is  the  dehydroalanine  form  of  the  active 
site  peptide  produced  by  //-elimination.  Another  consistent 
feature  is  that  all  spectra  have  a  y22  ion  at  2195.2  in  which  the 
active  site  serine  is  intact  but  has  lost  the  organophosphorus 
agent.  The  y22  ion  at  2195.2  is  always  accompanied  by  a  Ay22 
ion  at  2177.2,  representing  loss  of  water  from  the  active  site 
serine,  although  the  intensity  of  this  peak  is  always  less  than 
that  of  the  2195.2  peak.  Figure  6  illustrates  the  two  mechanisms 
of  fragmentation  for  the  aged  butyry  I  cholinesterase  adduct. 

The  nonaged  adducts  all  fragment  to  give  an  intense  Ay29 
ion  at  2910.5  indicative  of  formation  of  dehydroalanine  in  the 
process  of  losing  the  phosphonate  (Figure  4C-H).  In  some 
cases,  a  weak  Ay22  ion  at  2177,2  is  also  observed  (Figure 
4C-E),  which  supports  formation  of  dehydroalanine.  However, 
only  weak  y29  ions  at  2928.5  amu  are  seen  for  the  nonaged 
adducts  (Figure  4G,H).  The  2928.5  ion  is  never  as  intense  as 


Figure  6.  Aged  adducts  fragment  via  two  mechanisms.  In  one 
mechanism,  the  aged  phosphonate  group  is  released  from  serine  while 
leaving  the  serine  structure  intact.  The  competing  pathway  releases 
the  organophosphonate  and  a  molecule  of  water  to  yield  dehydroalanine 
in  place  of  serine. 

the  Ay29  ion,  indicating  that  the  //-elimination  mechanism  is 
the  dominant  mechanism  for  release  of  nonaged  organophos¬ 
phonate  from  serine.  Consistent  with  the  low  intensity  of  the 

2928.5  ion,  a  y22  ion  at  2195.2  amu  was  never  detected.  It  is 
concluded  that  the  nonaged  adduct  preferentially  fragments  by 
the  /3-elimination  mechanism,  whereas  the  aged  adduct  frag¬ 
ments  by  two  mechanisms.  Dephosphonylation  to  yield  serine 
rather  than  dehydroalanine  is  probably  promoted  by  the  hydroxyl 
group  on  the  phosphorus  atom  in  the  aged  adduct. 

Loss  of  phosphate  from  phosphoserine-containing  peptides 
also  occurs  via  two  routes:  one  involving  loss  of  98  amu 
(formation  of  dehydroalanine)  and  the  other  involving  loss  of 
80  amu.  Unlike  the  case  for  organophosphorus  agents,  the 
pathway  leading  to  dehydroalanine  is  always  much  more  active 
than  the  other.  The  greater  intensity  for  the  98  amu  pathway 
has,  in  fact,  become  diagnostic  for  the  presence  of  phosphoserine 
(17), 

Discussion 

Adducts  Produced  by  Authentic  Nerve  Agents.  Fidder  et 
al.  treated  purified  human  butyrylcholinesterase  with  authentic 
soman[methyl-^'*C]  and  reported  the  fragmentation  spectrum  of 
the  tryptic  peptide  in  Figure  1  of  their  paper  (18).  The  parent 
ion  was  the  aged  soman  adduct  (3008.3  amu  for  the 
methyl  phosphonate  derivative).  Their  mass  spectrum  acquired 
on  a  Q-TOF  M  icromass  instrument  is  consistent  with  our  mass 
spectrum  acqui  red  onaMALDI-TOF-TOF  mass  spectrometer. 
Both  mass  spectrometers  show  a  major  peak  at  2910  amu,  This 
mass  is  consistent  with  the  dehydroalanine  form  of  the  peptide, 
representing  loss  of  the  methyl  phosphonate  and  a  molecule  of 
water  from  the  parent  ion.  Precedent  for  facile  loss  of 
phosphorus  compounds  from  serine  in  the  MALDI  mass 
spectrometer  comes  from  studies  on  phosphoserine-containing 
peptides,  which  readily  lose  98  Da  (phosphate  plus  water) 
(17, 19),  In  the  case  of  nerve  agent- labeled  butyrylcholinesterase, 
a  few  y  ions  retain  methyl phosphonic  acid  on  the  active  site 
serine,  yielding  a  set  of  parallel  y  ions,  some  with  the 
organophosphorus  agent  and  some  in  the  dehydroalanine  form. 
Both  types  of  mass  spectrometers  yield  these  parallel  sets  of 
ions  for  the  29-residue  tryptic  peptide. 

Fidder  et  al.  used  pepsin  to  digest  sarin-treated  butyrylcho¬ 
linesterase  and  found  a  nonaged  parent  ion  mass  consistent  with 
addition  of  sarin  and  loss  of  fluorine  (18),  Their  MS/MS 
spectrum  for  the  nonaged  parent  ion  shows  that  //-elimination 
occurs  with  the  nonaged  sarin  adduct.  A  parallel  set  of  ions 
retaining  the  methyl  phosphonate  label  was  not  seen  with  the 
9-residue  peptic  peptide;  the  collision  energy  for  the  short 
peptide  converted  all  of  the  organophosphorus-labeled  serine 
to  dehydroalanine, 
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Tsuge  et  al.  studied  chymotryptic  peptides  of  human  butyryl- 
c  ho  I  inesterase  treated  with  soman,  sarin,  and  VX  (20).  The  b 
ions  in  their  M  S/M  S  spectra  lost  the  organophosphorus  agent 
and  a  molecule  of  water  yielding  identical  sets  of  b  ions  for 
nonaged  sarin,  nonaged  VX,  nonaged  soman,  and  aged  soman 
adducts.  The  nerve  agent  was  identified  from  the  mass  of  the 
parent  ion,  which  is  unique  for  each  nerve  agent.  In  conclusion, 
the  adducts  and  M  S/M  S  spectra  that  we  produced  with  nerve 
agent  model  compounds  yielded  results  identical  to  those 
produced  with  authentic  nerve  agents. 

A  general  principle  for  fragmentation  of  organophosphorus- 
labeled  serine  adducts  can  be  derived  from  these  studies.  The 
energy  of  fragmentation  can  produce  a  population  of  ions  that 
has  lost  the  organophosphorus  agent  and  a  molecule  of  water, 
yielding  dehydroalanine  in  place  of  the  active  site  serine.  Aged 
as  well  as  nonaged  organophosphorus-labeled  serine  adducts 
degrade  to  dehydroalanine  in  the  mass  spectrometer.  However, 
not  all  of  the  labeled  serine  will  lose  the  label  during  fragmenta¬ 
tion.  This  behavior  is  the  same  as  the  well-established  behavior 
of  phosphoserine-containing  peptides  (17, 19,  21). 

Stereoselectivity,  fip  and  Sp  nerve  agent  model  compounds 
gave  similar  butyrylcholinesterase  adducts.  Because  of  the  long 
incubation  times  between  butyrylcholinesterase  and  the  nerve 
agent  model  compounds,  we  did  not  expressly  study  the 
stereoselectivity  of  adduct  formation.  However,  our  data  suggest 
that  phosphonylation  of  butyrylcholinesterase  is  stereoselective, 
in  agreement  with  the  literature  for  related  nerve  agents  (3-6). 
Stereoselectivity  is  most  clearly  illustrated  in  the  case  of  the 
slowly  phosphonylating  thiomethyl  agents  (i.e.,  11-14).  After 
3  h  of  reaction,  80%  of  the  butyrylcholinesterase  was  labeled 
by  the  Sp  isomers,  while  only  40%  was  labeled  by  the  fip.  The 
percentage  of  inhibition  showed  a  clear  preference  for  Sp  >  Rp. 
Presumably,  evaluation  of  incubations  run  for  a  much  shorter 
time  would  have  shown  stereoselective  adduct  formation  for 
the  faster  reacting  compounds.  However,  the  object  of  the 
present  study  was  to  quantify  the  extent  of  protein  adduction, 
and  thus,  exhaustive  covalent  labeling  was  done.  K  inetic  studies 
are  the  best  way  to  show  stereoselectivity  of  inhibition,  and 
those  studies  have  been  done  in  an  accompanying  report  (12). 

Rp  Stereoisomers  Do  Not  Undergo  Aging.  C  rystal  structure 
studies  of  organophosphorus  adducts  of  butyrylcholinesterase 
and  acetylcholinesterase  have  resulted  in  an  understanding  of 
the  mechanism  of  aging  (15,  22,  23).  The  mechanism  requires 
that  the  alkyl  group  that  is  to  undergo  aging  be  positioned  close 
to  His  438  and  Glu  199  in  the  choline  pocket  (22),  These 
residues  catalyze  the  dealkylation  reaction  called  "aging". 
Placement  of  the  Sp  and  fip  isomers  into  the  active  site  of 
butyrylcholinesterase  shows  that  the  alkyl  group  is  correctly 
positioned  for  dealkylation  in  the  Sp  isomer  but  not  in  the  Rp 
isomer.  In  the  fip  isomer  the  alkyl  group  projects  toward  the 
acyl-binding  pocket,  a  location  not  accessible  for  interaction 
with  His  438  and  Glu  199.  The  fip  stereoisomer  is  therefore 
not  capable  of  undergoing  dealkylation.  The  crystal  structure 
results  are  in  conflict  with  the  results  in  Table  1  where 
substantial  aging  is  observed  for  all  fip  isomers  except  sarin 
Rp  6.  The  following  discussion  rationalizes  the  mass  spectro¬ 
metry  results. 

The  compounds  can  be  divided  into  four  functionally  distinct 
groups, 

1.  The  tabun  adducts  (1  and  2)  constitute  a  special  case  because 
deamination  might  occur  when  the  dimethylamino  group 
projects  toward  the  choline  pocket.  Thus,  aging  could  occur 
by  removal  of  either  dimethylamine  (28  amu  minus  a  proton 
to  give  a  27  amu  loss)  or  ethyl  (29  amu  minus  a  proton  to 


give  a  28  amu  loss).  If  deamination  is  taken  as  a  valid  aging 
pathway,  then  either  the  fip  or  the  Sp  isomer  could  age. 

2.  TheSp  form  of  the  thiochol I ne  analogue  of  sarin  (5)  showed 
26%  aging,  while  the  fip  form  (6)  showed  only  1%  aging 
(well  within  experimental  error  of  zero).  Therefore,  this 
enantiomeric  pair  behaved  as  predicted  from  the  geometry 
of  the  active  site  of  BChE.  Namely,  theSp  form  aged  while 
the  fip  form  did  not. 

3.  Both  theSp  and  the  fip  forms  of  the  thiomethyl  analogue  of 
sarin  (11  and  12)  yielded  two  types  of  initial  covalent  adduct: 
one  from  the  release  of  the  thiomethyl  moiety  (3048.5  amu) 
and  another  from  the  release  of  the  isopropoxy  (3036,5  amu). 
For  theSp  form,  initial  release  of  the  thiomethyl  would  leave 
the  isopropoxy  moiety  in  the  choline-binding  site,  suitably 
oriented  to  support  aging.  For  the  Rp  form,  initial  release  of 
the  isopropoxy  would  leave  the  thiomethyl  in  the  choline¬ 
binding  site,  suitably  oriented  to  support  aging.  Therefore, 
aging  of  both  the  Sp  and  the  Rp  forms  can  be  rationalized. 
The  behavior  of  the  thiomethyl  model  compounds  of  soman 
(13  and  14)  can  be  rationalized  in  the  same  manner, 

4.  That  leaves  only  three  of  the  seven  enantiomeric  pairs  for 
which  aging  of  the  Rp  form  is  unexplained.  These  are  the 
thiocholine  analogue  of  cyclosarin  (Band  4),  the  thiocholine 
analogue  of  soman  (7  and  8),  and  the  thiomethyl  analogue 
of  cyclosarin  (9  and  10).  In  all  three  cases,  the  thioalkyl 
moiety  was  released  from  both  enantiomers  in  the  initial 
covalent  reaction.  No  masses  were  found  that  would  be 
consistent  with  release  of  the  alkoxy  moiety  in  the  initial 
covalent  reaction.  Therefore,  the  argument  that  can  be  made 
for  enantiomeric  pairs  11/12  and  13/14  is  not  applicable  for 
enantiomeric  pairs  3/4,  7/8,  and  9/10.  In  these  cases,  the 
most  logical  explanation  for  aged  masses  is  contamination 
of  the  Rp  preparation  by  the  Sp  form.  The  contamination 
by  the  Sp  isomer  would  need  to  be  no  more  than  1%,  This 
small  amount  of  contamination  could  lead  to  high  amounts 
of  aged  product  because  the  Sp  isomers  react  with  butyryl¬ 
cholinesterase  much  faster  than  the  fip  isomers. 

In  conclusion,  adducts  of  human  butyrylcholinesterase  with  the 
Rp  stereoisomer  of  cyclosarin,  sarin,  and  soman  do  not  age. 

Rp  Stereoisomer  Useful  for  Identifying  the  Poison.  The 
conclusion  that  adducts  with  the  Rp  stereoisomer  do  not  age 
has  application  to  mass  spectral  diagnosis  of  exposure  to  nerve 
agents.  N  erve  agents  used  in  war  are  a  mixture  of  stereoisomers. 
The  Sp  stereoisomer  will  yield  an  aged  adduct  that  is  identical 
for  soman,  sarin,  and  GF  and  is  not  distinguishable  by  mass 
spectrometry.  In  contrast,  the  Rp  stereoisomer  will  produce  a 
butyrylcholinesterase  adduct  that  will  not  age.  The  nonaged 
butyrylcholinesterase  adduct  will  retain  the  pinacolyl  group  of 
soman,  the  isopropyl  group  of  sarin,  or  the  cyclohexyl  group 
of  GF.  The  nonaged  masses  allow  identification  of  the  poison 
to  which  a  person  was  exposed.  However,  only  a  small 
percentage  of  the  butyrylcholinesterase  will  have  been  inhibited 
by  the  fip  form.  Because  of  the  difference  in  rates  of  reaction, 
exposure  to  a  nerve  agent  mixture  of  stereoisomers  will  result 
in  preferential  inhibition  by  the  Sp  form. 

MALDI-TOF  Is  Useful  for  Aging  Studies.  A  MALDI-TOF 
mass  spectrum  of  a  nerve  agent-labeled  butyrylcholinesterase 
tryptic  digest  shows  the  unlabeled  active  site  peptide  as  well  as 
the  nerve  agent-labeled  peptide  and  the  aged  peptide,  all  in  one 
spectrum.  This  allows  quantitation  of  the  relative  cluster  areas 
and  therefore  estimation  of  the  amount  of  each  type  of  adduct 
present.  This  approach  has  been  successfully  applied  to  aging 
studies  on  both  butyrylcholinesterase  and  acetylcholinesterase, 
labeled  with  a  variety  of  organophosphorus  agents  (24,  25), 
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Previously,  aging  could  be  estimated  only  from  enzyme  activity 
assays  where  the  proportion  of  enzyme  that  could  not  be 
reactivated  with  oximes  was  defined  as  aged  enzyme  (26,  27). 

Conclusion 

The  thiocholine  nerve  agent  model  compounds  react  with 
human  butyrylchol inesterase  to  yield  adducts  indistinguishable 
from  those  produced  by  authentic  nerve  agents.  The  M  ALDI- 
TOF  spectra  of  tryptic  digests  of  nerve  agent-labeled  human 
butyrylchol  inesterase  show  the  presence  of  unmodified  peptides, 
adducted  peptides,  and  aged  peptides.  Two  of  the  three 
thiomethyl  compounds  yielded  unanticipated  adducts.  None  of 
the  thiocholine  compounds  yielded  evidence  of  new  or  unan¬ 
ticipated  adducts.  Accordingly,  thethiocholine-containing  nerve 
agent  model  compounds  appear  to  give  the  same  adducts  as 
authentic  nerve  agents.  Therefore,  they  are  suitable  substitutes 
for  nerve  agents  in  work  that  aims  to  study  biological  effects 
of  nerve  agent-modified  proteins. 
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Organophosphorus  (OP)  esters  are  known  to  bind  covalently  to  the  active  site  serine  of  enzymes  in  the 
serine  hydrolase  family.  It  was  a  surprise  to  find  that  proteins  with  no  active  site  serine  are  also  covalently 
modified  by  OP.  The  binding  site  in  albumin,  transferrin,  and  tubulin  was  identified  as  tyrosine.  The  goal 
of  the  present  work  was  to  determine  whether  binding  to  tyrosine  is  a  general  phenomenon.  Fourteen 
proteins  were  treated  with  a  biotin-tagged  organophosphorus  agent  called  FP-biotin.  The  proteins  were 
digested  with  trypsin  and  the  labeled  peptides  enriched  by  binding  to  monomeric  avidin.  Peptides  were 
purified  by  HPLC  and  fragmented  by  collision  induced  dissociation  in  a  tandem  ion  trap  mass  spectrom¬ 
eter.  Eight  proteins  were  labeled  and  six  were  not.  Tyrosine  was  labeled  in  human  alpha-2-glycoprotein 
1  zinc-binding  protein  (Tyr  138,  Tyr  174  and  Tyr  181 ),  human  kinesin  3C  motor  domain  (Tyr  145),  human 
keratin  1  (Tyr  230),  bovine  actin  (Tyr  55  and  Tyr  200),  murine  ATP  synthase  beta  (Tyr  431 ),  murine  ade¬ 
nine  nucleotide  translocase  1  (Tyr  81 ),  bovine  chymotrypsinogen  (Tyr  201 )  and  porcine  pepsin  (Tyr  310). 
Only  1-3  tyrosines  per  protein  were  modified,  suggesting  that  the  reactive  tyrosine  was  activated  by 
nearby  residues  that  facilitated  ionization  of  the  hydroxyl  group  of  tyrosine.  These  results  suggest  that  OP 
binding  to  tyrosine  is  a  general  phenomenon.  It  is  concluded  that  organophosphorus-reactive  proteins 
include  not  only  enzymes  in  the  serine  hydrolase  family,  but  also  proteins  that  have  no  active  site  serine. 
The  recognition  of  a  new  OP-binding  motif  to  tyrosine  suggests  new  directions  to  search  for  mechanisms 
of  long-term  effects  of  OP  exposure.  Another  application  is  in  the  search  for  biomarkers  of  organophos¬ 
phorus  agent  exposure.  Previous  searches  have  been  limited  to  serine  hydrolases.  Now  proteins  such  as 
albumin  and  keratin  can  be  considered. 

©  2009  Elsevier  Ireland  Ltd.  All  rights  reserved. 


1.  Introduction 

Organophosphorus  agents  (OP)  are  used  as  insecticides,  fuel 
additives,  plasticizers,  lubricants,  flame  retardants,  and  chemical 
warfare  agents  [1,2].  These  compounds  are  toxic  to  insects,  fish, 
birds  and  mammals.  Exposure  can  lead  to  a  variety  of  symptoms 
culminating  in  seizures,  respiratory  arrest  and  death  in  acute  cases 
[3].  The  traditional  targets  for  organophosphorus  agents  have  long 
been  considered  to  be  the  active  site  serine  residues  in  acetyl¬ 
cholinesterase  and  butyrylcholinesterase.  It  is  generally  accepted 
that  covalent  inhibition  of  acetylcholinesterase  is  responsible  for 
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most  of  the  clinically  relevant  symptoms  observed  upon  high  dose 
exposure  to  OP  [3].  However,  evidence  has  been  accumulating  over 
the  past  several  years  that  suggests  cholinesterases  are  not  the  only 
clinically  relevant  targets  for  OP,  especially  during  low-dose  expo¬ 
sure  [1,2,4,5]. 

Investigations  in  several  laboratories  have  been  directed  at 
identifying  other  proteins  with  which  OP  can  react  covalently.  In 
addition  to  a  variety  of  serine  hydrolases  [2,6],  reactions  of  OP  with 
other  classes  of  enzymes  and  with  receptors  have  been  reported 
[2,7].  Results  from  our  laboratory  have  demonstrated  that  non- 
enzymatic  proteins  such  as  transferrin  [8],  serum  albumin  [9-11] 
and  tubulin  [12]  can  be  covalently  modified  by  OP.  For  these  latter 
proteins,  the  reactive  amino  acid  is  tyrosine. 

Reaction  of  the  organophosphorus  agent  diisopropylfluorophos- 
phate  (DFP)  with  a  tyrosine  residue  in  human  serum  albumin 
(and  in  bovine  serum  albumin)  was  reported  by  Sanger  in  1963 
[13].  Between  1965  and  1971,  DFP  was  shown  to  react  with  tyro¬ 
sine  residues  on  bromelain  [14],  papain  [15],  and  lysozyme  [16]. 
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These  findings  were  consistent  with  the  known  reactivity  of  tyro¬ 
sine  with  organophosphorus  agents  [17].  Interest  in  the  reaction 
of  OP  with  protein-bound  tyrosyl  residues  appears  to  have  waned 
after  1970.  However,  starting  in  1999,  a  resurgence  of  interest 
was  re-kindled  with  the  recognition  that  serum  albumin  provided 
an  alternative  to  butyrylcholinesterase  as  a  biological  marker  for 
exposure  to  OP  [18].  Researchers  responsible  for  this  work  took 
advantage  of  improvements  in  mass  spectrometry  that  simplified 
the  identification  of  post-translational  modifications  on  proteins. 
Subsequent  studies  on  serum  albumin  (1)  identified  Tyr411  as  the 
most  reactive  tyrosine  residue  on  human  serum  albumin,  con¬ 
firming  Sanger’s  assignment  [9];  (2)  demonstrated  that  multiple 
tyrosine  residues  from  albumin  could  react  with  OP  [19];  and  (3) 
showed  that  OP-labeled  tyrosine  could  be  detected  in  rodents  that 
had  been  treated  with  sub-lethal  doses  of  OP  [11]  including  nerve 
agents  [20]. 

To  our  knowledge,  reaction  of  OP  with  tyrosyl  residues  has  not 
been  confirmed  for  any  proteins  other  than  those  mentioned.  If  this 
reaction  is  wide  spread,  as  we  suspect,  then  it  opens  a  new  arena 
for  investigation  when  considering  intoxication  due  to  OP  exposure. 
Reactions  with  tyrosine  could  be  responsible  for  intoxication  that  is 
not  consistent  with  inhibition  of  acetylcholinesterase.  Demonstrat¬ 
ing  that  tyrosine  residues  from  a  wide  variety  of  proteins  will  react 
with  OP  is  an  essential  step  for  the  development  of  this  concept. 

In  this  work,  we  have  expanded  the  list  of  proteins  that  react 
with  OP  at  tyrosine  to  include:  human  alpha-2-glycoprotein  1  zinc, 
human  kinesin  3C,  human  keratin  1,  bovine  actin,  murine  ATP 
synthase  beta,  murine  adenine  nucleotide  translocase  1,  bovine 
chymotrypsinogen  and  porcine  pepsin.  We  suggest  that  covalent 
reaction  of  OP  with  tyrosine  is  a  general  phenomenon  that  can  be 
expected  to  occur  for  a  large  number  of  proteins. 

Our  findings  may  have  application  to  diagnosis  and  treatment  of 
OP  exposure.  Proteins  that  have  no  active  site  serine  may  serve  as 
biomarkers  of  exposure.  In  the  future  it  may  be  possible  to  develop 
antibodies  to  the  new  OP-labeled  biomarkers  to  use  for  screening 
OP  exposure.  The  recognition  of  a  new  OP-binding  motif  to  tyro¬ 
sine  suggests  new  directions  to  search  for  mechanisms  of  long-term 
effects  of  OP  exposure. 


2.  Materials  and  methods 

2.1.  Materials 

Human  alpha-2-glycoprotein  1  zinc  was  isolated  from  plasma. 
Human  kinesin  I<IF3C  motor  domain  was  from  Cytoskeleton 
Inc.  (Denver,  CO  #I<F01).  Human  epidermal  keratin  (#I<0253), 
bovine  actin  (#A3653),  bovine  DNase  (#D4527),  porcine  pepsin 
(#P6887),  chicken  lysozyme  (#16876),  bovine  RNase  A  (#R5125), 
bovine  insulin  (#15500),  diisopropylfluorophosphate  (#D0879)  and 
iodoacetamide  (#16125)  were  from  Sigma  (St.  Louis,  MO).  Human 
IgG  was  from  Fluka/Sigma  (St.  Louis,  MO,  #56834).  ATP  synthase 
beta  and  adenine  nucleotide  translocase  1  were  isolated  from  a 
mouse  heart  membrane  preparation.  Porcine  gelatin  was  from  USB 
(Cleveland,  OH,  #16045).  Chymotrypsinogen  was  found  as  a  compo¬ 
nent  of  the  bovine  DNase  preparation.  Sequencing  grade  modified 
trypsin  (#V5113,  porcine,  reductively  methylated,  TPCK  treated) 
was  from  Promega  (Madison,  WI).  Dithiothreitol  was  from  Fisher 
Biotech  (Fair  Lawn,  NJ,  #BP172-25,  electrophoresis  grade).  Alpha- 
cyano-4-hydroxy  cinnamic  acid  (CHCA)  from  Fluka  (#70990)  was 
recrystallized  before  use  then  dissolved  to  10  mg/ml  in  50%  ace¬ 
tonitrile,  0.1%  trifluoroacetic  acid.  NeutrAvidin  agarose  beads  were 
from  Thermo  Scientific  (Rockford,  IL,  #29202).  Monomeric  avidin 
agarose  beads  were  from  Pierce  (Rockford,  IL,  #20228) 

FP-biotin  was  custom  synthesized  in  the  laboratory  of  Dr.  Charles 
M.  Thompson  at  the  University  of  Montana  (Missoula,  MT)  [22]. 


Stock  solutions  of  FP-biotin  were  made  in  dimethylsulfoxide  and 
stored  at  -80  °C. 

2.2.  Sample  preparation  for  mass  spectrometry 

Proteins  were  either  purchased  and  were  therefore  relatively 
pure,  or  they  were  isolated  from  crude  extracts.  All  pure  proteins 
except  kinesin  were  treated  with  FP-biotin  by  the  following  pro¬ 
tocol.  One  mg/ml  protein  (approximately  10-25  p.M)  was  dissolved 
in  10  mM  ammonium  bicarbonate,  pH  8.3,  containing  0.01%  sodium 
azide.  FP-biotin  was  added  to  a  final  concentration  of  120  p.M  and 
the  solution  was  incubated  at  37  °C  for  24  h.  Negative  controls  were 
processed  in  the  same  manner  as  labeled  samples  except  that  FP- 
biotin  was  omitted.  Samples  were  boiled  for  10  min,  reduced  with 
10  mM  dithiothreitol  for  2  h  at  60  °C,  alkylated  with  50  mM  iodoac¬ 
etamide  for  1  h  at  room  temperature  in  the  dark,  and  dialyzed 
against  41  of  10  mM  ammonium  bicarbonate  pH  8.3  for  24  h  at 
8°C  (with  one  change),  and  then  digested  with  sequencing  grade 
trypsin  at  a  ratio  of  1:100  (p.g  trypsin: p.g  sample)  for  24h  at  37  °C. 
Digests  were  used  directly  for  MALDI TOF  TOF  analysis  or  dried  and 
resuspended  in  5%  acetonitrile,  0.1%  formic  acid  for  QTrap  analysis. 

Kinesin  motor  domain  (1  mg  or  13.3  nanomoles)  was  dissolved 
in  1  ml  of  80  mM  PIPES  buffer  pH  7.0  containing  0.5  mM  EGTA,  2  mM 
MgCh,  0.2  M  NaCl  and  20  p.M  ATP.  FP-biotin  (260  nanomoles)  was 
added.  The  protein  did  not  fully  dissolve.  The  mixture  was  incu¬ 
bated  at  37  °C  for  48  h,  with  occasional  mixing.  The  protein  was 
denatured  in  8  molar  urea  in  the  presence  of  10  mM  dithiothreitol 
and  boiled  for  3  min.  The  resultant  solution  was  clear.  Sulfhydryl 
groups  were  alkylated  with  90  mM  iodoacetamide  at  37  °C  for  3  h. 
The  protein  solution  was  freed  of  unbound  FP-biotin  and  salts  by 
dialysis  against  41  of  25  mM  ammonium  bicarbonate,  pH  8.5  for 

36  h  at  4°C  (with  three  changes).  There  were  some  particles  in 
the  preparation  after  dialysis.  The  preparation  was  then  digested 
with  trypsin  (at  a  ratio  of  50-1,  p.g  protein  to  |jLg  trypsin)  for  11  h 
at  37  °C  before  a  second  aliquot  of  trypsin  was  added  for  another 
14  h  of  digestion.  Trypsin  was  inactivated  by  reaction  with  1  |jl1 
of  5.73  M  diisopropylfluorophosphate  overnight.  Labeled  peptides 
were  enriched  by  extraction  with  monomeric  avidin  beads  (1  ml, 
settled  volume)  equilibrated  in  10  mM  ammonium  bicarbonate,  pH 
8.5.  Loaded  beads  were  washed  with  10  ml  of  1  M  potassium  phos¬ 
phate,  pH  7.5;  10ml  of  0.1  M  Tris  acetate,  pH  8.6;  and  30ml  of 
water  before  elution  with  10%  acetic  acid.  The  digest  was  exam¬ 
ined  with  the  MALDI  TOF  TOF  4800  mass  spectrometer.  Peptides 
that  showed  characteristic  masses  for  FP-biotin  under  MSMS  con¬ 
ditions  were  further  purified  by  reverse  phase  HPLC  (Phenomenex 
Prodigy  5  micron  ODS  column)  using  an  acetonitrile/trifluoroacetic 
acid  gradient.  Fractions  containing  masses  consistent  with  the 
putative  FP-biotinylated  peptides  were  dried,  resuspended  in  50% 
acetonitrile/0.1  %  formic  acid,  and  infused  into  the  QTrap  2000  mass 
spectrometer  for  improved  MSMS  fragmentation. 

The  FP-biotinylated  tryptic  peptide  from  human  alpha-2- 
glycoprotein  1  zinc-binding  protein  was  isolated  from  human 
plasma  by  extraction  with  NeutrAvidin  Agarose  beads  as  described 
[19]. 

Mouse  heart  membrane  was  prepared  in  5  mM  HEPES  buffer,  pH 
7.4,  from  5  mouse  hearts  as  described  [7].  The  membrane  prepara¬ 
tion  (at  2  mg/ml  protein)  was  incubated  with  100  p.M  FP-biotin  at 

37  °C  overnight,  then  it  was  denatured  with  8  M  urea,  reduced  with 
10  mM  dithiothreitol  for  1  h  at  37  °C,  alkylated  with  40  mM  iodoac¬ 
etamide  for  1  h  at  37° C  in  the  dark,  and  dialyzed  against  10  mM 
ammonium  bicarbonate  buffer.  Tryptic  digestion  was  accomplished 
by  incubation  at  37°C  overnight  with  Promega  sequencing  grade 
trypsin,  at  a  trypsin  to  protein  ratio  of  1-37  (weight  to  weight). 
FP-biotinylated  peptides  were  extracted  from  the  digest  with  Neu¬ 
trAvidin  Agarose  beads  (1ml  settled  volume)  in  8mM  sodium 
phosphate  buffer,  pH  7.0,  containing  155  mM  sodium  chloride  (PBS). 
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Beads  were  washed  with  5-10  ml  of  PBS  and  then  with  10  ml  of 
water.  Peptides  were  eluted  with  50%  acetonitrile/water  containing 
0.15%  trifluoroacetic  acid.  It  had  been  anticipated  that  this  pro¬ 
cedure  would  yield  FP-biotinylated  muscarinic  receptor.  However, 
the  FP-biotinylated  proteins  identified  in  the  preparation  were  ATP 
synthase  beta  and  adenine  nucleotide  translocase  1. 

2.3.  MALDITOFTOF  analysis 

Generally,  0.5-1  |jl1  of  sample  (approximately  20pmole/|jLl  for 
pure  proteins,  assuming  no  losses  during  processing)  was  air  dried 
onto  a  384-well  Opti-TOF  sample  plate  (Applied  Biosystems,  Foster 
City,  CA,  #1016491 )  and  then  overlaid  with  1  p.1  of  CHCA  ( 10  mg/ml). 
Mass  spectra  and  collision  induced  MSMS  spectra  were  collected  in 
positive  ion  reflector  mode  on  a  MALDl  TOF  TOF  4800  mass  spec¬ 
trometer  (Applied  Biosystems).  The  final  spectrum  was  the  average 
of  500  laser  shots.  The  mass  spectrometer  was  calibrated  before 
each  use  with  CalMix  5  (Applied  Biosystems). 

2.4.  QT rap  analysis 

For  analysis  using  on-line  HPLC  separation  of  sample  before 
introduction  into  the  mass  spectrometer,  a  1  ml  sample  from  the 
tryptic  digest  was  dried  by  SpeedVac  and  re-dissolved  in  0.4  ml  of 
5%  acetonitrile  containing  0.1%  formic  acid  to  yield  approximately 
3-5pmole  of  peptide/|jLl,  assuming  no  losses  during  process¬ 
ing.  Ten  microliters  of  this  solution  (30-50  pmole,  assuming  no 
losses  during  handling)  were  injected  onto  an  HPLC  nanocol¬ 
umn  (218MS3.07515  Vydac  C18  polymeric  reverse  phase,  75p.m 
I.D.— 150  mm  long;  P.J.  Cobert  Assoc,  St.  Louis,  MO).  Peptides  were 
separated  with  a  90  min  linear  gradient  from  5  to  60%  acetonitrile  at 
a  flow  rate  of  0.3  pul/min  and  electrosprayed  through  a  fused  silica 
emitter  (360  p.m  O.D.,  75  p.m  l.D.,  15  micron  taper.  New  Objective, 
Woburn,  MA)  directly  into  the  QTRAP  2000,  a  hybrid  quadrupole 
linear  ion  trap  mass  spectrometer  (Applied  Biosystems).  An  ion- 
spray  voltage  of  1900  V  was  maintained  between  the  emitter  and 
the  mass  spectrometer.  Information  dependent  acquisition  was 
used  to  collect  MS,  high  resolution  MS,  and  MSMS  spectra.  All 
spectra  were  collected  in  the  enhanced  mode,  using  the  trap  func¬ 
tion.  The  three  most  intense  MS  peaks  in  each  cycle  with  mass 
between  400  and  1700  m/z,  charge  of  +1  to  +4,  and  intensities 
greater  than  10,000  cps  were  selected  for  high  resolution  MS  and 
MSMS  analysis.  Precursor  ions  were  excluded  for  30  s  after  one 
MSMS  spectrum  had  been  collected.  The  collision  cell  was  pressur¬ 
ized  to  40  p.Torr  with  pure  nitrogen,  and  collision  energies  between 
20  and  40  eV  were  determined  automatically  by  the  software  based 
on  the  mass  and  charge  of  the  precursor  ion.  The  mass  spectrome- 
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Fig.  1.  The  structure  of  FP-biotin,  10-(fluoroethoxyphosphinyl)-N-(biotinami- 
dopentyl)  decanamide. 


ter  was  calibrated  on  selected  fragments  from  the  MSMS  spectrum 
of  Glu-fibrinopeptide  B. 

The  MSMS  data  were  submitted  to  Mascot  (Matrix  Science, 
London,  UK,  http://www.matrixscience.com)  for  identiflcation 
of  labeled  peptide  [23].  The  added  mass  of  the  FP-biotin 
(572  amu)  has  been  incorporated  into  the  UNIMOD  database 
(http://www.unimod.org)  for  use  as  a  variable  modification  in  the 
Mascot  algorithm.  In  addition,  the  MSMS  chromatograms  were 
searched  with  an  extracted  ion  chromatographic  protocol  (Ana¬ 
lyst  1.4.1  software.  Applied  Biosystems)  for  fragment  ions  at  329, 
312  and  227  amu  which  are  characteristic  of  the  FP-biotin  label 
[24].  Sequences  of  peptides  identified  by  either  procedure  were 
confirmed  manually. 

3.  Results 

The  structure  of  FP-biotin  is  shown  in  Fig.  1.  FP-biotin  was  used 
for  these  studies  for  two  reasons.  First,  MSMS  fragmentation  cre¬ 
ates  fragments  that  are  characteristic  of  FP-biotin.  Characteristic 
fragments  are  found  at  329, 312  and  227  amu  (for  fragmentation  of 
FP-biotin  at  its  internal  amide  linkages)  [24].  In  addition,  tyrosine- 
FP-biotin  immonium  ion  fragments  are  found  at  708  amu  (for  the 
singly  charged  immonium  ion),  691  amu  (for  the  immonium  ion 
less  amine),  355  amu  (for  the  doubly  charged  immonium  ion)  and 
346  amu  (for  the  doubly  charged  immonium  ion  less  amine).  These 
ions  provide  a  convenient,  positive  identification  for  the  labeled 
peptides.  They  also  can  be  used  as  target  masses  when  the  mass 


Table  1 

FP-biotin  labeled  peptides. 


Species 

Protein 

Accession  number  gi 

Peptide  sequence^ 

Tyr 

FP-biotin  characteristic  ions 

329  312  227 

691 

708 

Human 

Alpha-2-glycoprotein  1  zinc 

52790422 

WEAEPVY*VQR 

174 

X 

X 

X 

X 

X 

Alpha-2-glycoprotein  1  zinc 

52790422 

AY*LEEECPATLR 

181 

X 

X 

- 

X 

X 

Alpha-2-glycoprotein  1  zinc 

52790422 

YY*YDGKDY1EENK 

138 

X 

X 

X 

X 

X 

Kinesin  3C 

41352705 

ASY*LE1YQEE1R 

145 

X 

X 

X 

X 

X 

Keratin  1 

119395750 

THNLEPY*FESF1NNLR 

230 

X 

X 

- 

X 

X 

Bovine 

Actin 

62287933 

DSY*VGDEAQSK 

55 

X 

- 

- 

X 

X 

Actin 

62287933 

GY^SEVTTAER 

200 

X 

X 

X 

X 

X 

Chymotrypsinogen 

194674931 

Y^TNANTPDR 

201 

X 

X 

X 

X 

X 

Mouse 

ATP  Synthase  beta 

20455479 

1LQDY*K 

431 

X 

X 

X 

X 

X 

Adenine  Nucleotide  Translocase  1 

902008 

Y*EPTQALNEAEK 

81 

X 

X 

X 

X 

X 

Porcine 

Pepsin 

13096225 

QYY*TVFDR 

310 

X 

X 

X 

X 

X 

^  The  asterisk  ( *)  indicates  the  labeled  tyrosine.  The  residue  number  of  the  labeled  tyrosine  in  the  protein  sequence  is  given.  X  indicates  the  presence  of  FP-biotin  characteristic 
ions  in  MSMS  spectra  of  the  labeled  peptide. 
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m/z,  amu 

Fig.  2.  The  MSMS  spectrum  of  peptide  QYY*TVFDR  from  porcine  pepsin  (where  Y* 
is  the  labeled  tyrosine).  The  boxed  masses  identify  the  non-sequence,  characteristic 
fragments  from  FP-biotin.  The  triply  charged  parent  ion  has  a  mass  of  555.6  amu. 

Spectra  from  crude  mixtures  are  searched  for  the  labeled  peptides 
using  extracted  ion  techniques.  Second,  avidin  agarose  can  be  used 
to  concentrate  and  enrich  the  biotinylated-peptides  from  crude 
mixtures. 

In  the  current  study,  eleven  peptides  from  eight  proteins  were 
found  to  be  labeled  (see  Table  1).  The  parent  ion  mass  of  each 
peptide  was  consistent  with  a  covalent  reaction  of  FP-biotin  with 
some  residue  on  that  peptide  (added  mass  of  572  amu).  As  it  turned 
out,  each  peptide  was  labeled  on  tyrosine.  The  labeled  residue 
for  each  peptide  was  confirmed  by  manual  analysis  of  the  MSMS 
spectra,  with  the  assistance  of  the  MS-Product  algorithm  for  assign¬ 
ment  of  internal  fragments  (University  of  California,  San  Francisco, 
http://prospector2.ucsf.edu).  Four  representative  MSMS  spectra  are 
presented. 

Fig.  2  shows  the  MSMS  spectrum  of  QYY*TVFDR  from  porcine 
pepsin  where  FP-biotin  is  on  Tyr  310.  A  5-residue  y-ion  sequence 
could  be  extracted  which  included  the  C-terminal  arginine.  The 
labeled  tyrosine  was  part  of  an  unresolved  three  amino  acid  y- 
ion  fragment  at  the  N-terminus.  This  three  amino  acid  fragment 
contained  two  tyrosines.  Fortunately,  masses  consistent  with  the 
unlabeled  a2-ion  (QY  =  264.0  amu)  and  its  deaminated  consort  at 
247.0  amu  appeared  in  the  spectrum.  Thus,  by  a  process  of  elimina¬ 
tion  the  label  could  be  assigned  to  the  tyrosine  in  position  three 


THNLEPY*FESFINNLR 


m/z,  amu 

Fig.  4.  The  MSMS  spectrum  of  peptide  THNLEPY*FESFINNLR  from  human  keratin 
1  (where  Y*  is  the  labeled  tyrosine).  The  boxed  masses  identify  the  non¬ 
sequence,  characteristic  fragments  from  EP-biotin.  The  mass  marked  with  a  triangle 
(833.0  amu)  is  the  N-terminus  of  a  proline  internal  fragment.  The  triply  charged 
parent  ion  has  a  mass  of  642.6  amu  which  does  not  appear  in  the  spectrum. 

from  the  N-terminus.  The  majority  of  the  remaining  masses  in 
the  spectrum  could  be  assigned  to  dehydration/deamination  prod¬ 
ucts  or  internal  fragments.  Characteristic  fragments  from  FP-biotin 
appeared  at  226.8,  312.1,  329.2,  708.2,  691.1,  354.7  and  346.0  amu. 

Fig.  3  shows  the  MSMS  spectrum  of  GY*SFVTTAER  from  bovine 
actin  where  FP-biotin  is  on  Tyr  200.  The  peptide  was  identified  by  an 
eight  amino  acid  y-ion  sequence.  The  labeled  tyrosine  appeared  in 
all  b-ions,  for  example  in  the  singly  charged  b2-ion  at  793.2  amu 
and  in  the  doubly  charged  b2-ion  at  397.3  amu.  The  majority  of 
the  remaining  masses  in  the  spectrum  could  be  assigned  to  dehy¬ 
dration/deamination  products  or  internal  fragments.  Characteristic 
fragments  from  the  internal  amide  bonds  of  FP-biotin  appeared  at 
226.8,  312.2,  329.4,  708.4,  691.2,  355.0  and  346.3  amu. 

Fig.  4  shows  the  MSMS  spectrum  of  THNLEPY*FESF1NNLR  from 
human  keratin  1  where  FP-biotin  is  on  Tyr  230.  The  peptide 
was  identified  by  an  eight  amino  acid  y-ion  sequence  and  a  six 
amino  acid  b-ion  sequence.  The  label  was  found  as  part  of  the 
Pro  Tyr  pair  (833.0  amu)  at  the  N-terminus  of  the  proline  internal 
fragment.  The  majority  of  the  remaining  masses  in  the  spectrum 
could  be  assigned  to  dehydration/deamination  products  or  internal 


GY*SFVTTAER 


m/z,  amu 


Fig.  3.  The  MSMS  spectrum  of  peptide  GY*SFVTTAER  from  bovine  actin  (where  Y* 
is  the  labeled  tyrosine).  The  boxed  masses  identify  the  non-sequence,  characteristic 
fragments  from  FP-biotin.  The  triply  charged  parent  ion  has  a  mass  of  568.2  amu. 


YY*YDGKDYIEFNK  5 

(O 


m/z,  amu 

Fig.  5.  The  MSMS  spectrum  of  peptide  YY*YDGKDY1EFNK  from  alpha-2-glycoprotein 
1  zinc-binding  protein  (where  Y*  is  the  labeled  tyrosine).  The  boxed  masses  identify 
the  non-sequence,  characteristic  fragments  from  FP-biotin.  The  triply  charged  parent 
ion  has  a  mass  of  764.0  amu. 
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fragments.  Characteristic  fragments  from  the  internal  amide  bonds 
of  FP-biotin  appeared  at  312.1,  329.0,  708.1  and  691.2  amu. 

Fig.  5  shows  the  MSMS  spectrum  of  YY*YDGI<DYIEFNI<  from 
human  alpha-2-glycoprotein  1  zinc-binding  protein  where  FP- 
biotin  is  on  Tyr  138.  Though  the  signal-to-noise  ratio  was  low, 
the  peptide  could  still  be  identified  by  a  seven  amino  acid  y-ion 
sequence  and  a  four  amino  acid  b-ion  sequence.  The  minimum 
signal-to-noise  ratio  for  the  sequence  peaks  had  an  acceptable  value 
of  three.  The  label  was  found  as  part  of  a  trimer  at  the  N-terminus 
that  consisted  of  three  tyrosines.  Analysis  of  the  b-ion  sequence 
demonstrated  that  the  label  was  on  the  b2-ion  (899.4  amu)  and 
therefore  had  to  be  on  one  of  the  first  two  N-terminal  tyrosines. 
Though  the  b2  peak  had  low  intensity,  its  identity  was  confirmed 
by  the  a2-ion  at  871.4  amu  which  was  substantially  more  intense. 
Since  it  could  not  be  determined  which  tyrosine  actually  carried 
the  label,  the  second  tyrosine  was  arbitrarily  marked  as  labeled. 
Characteristic  fragments  from  the  internal  amide  bonds  of  FP-biotin 
appeared  at  227.0,  312.0,  329.2,  708.5  and  691.3  amu. 

Labeled  amino  acids  in  the  seven  remaining  peptides  were  iden¬ 
tified  using  similar  analyses  of  their  MSMS  spectra.  The  label  was 
found  as  one  of  the  sequence  fragments  in  peptide  WEAEPVY*VQR. 
The  labeled  amino  acid  was  found  as  part  of  the  b2-ion  in  pep¬ 
tides  AY*LEEECPATLR  and  Y*FPTQALNFAF1<.  For  both  sequences,  the 
only  reasonable  candidate  for  labeling  was  the  tyrosine.  For  pep¬ 
tide  1LQDY*1<,  the  labeled  tyrosine  was  part  of  the  y2-ion  at  the 
C-terminus.  Again,  the  only  reasonable  candidate  for  labeling  was 
the  tyrosine.  If  the  lysine  had  been  labeled,  it  would  not  have  been 
recognized  for  cleavage  by  trypsin.  The  labeled  tyrosine  was  part  of 
a  y-ion  dimer  at  the  N-terminus  of  peptide  Y*TNANTPDR  and  as  part 
of  an  unresolved  three  amino  acid  y-ion  fragment  at  the  N-terminus 
of  two  sequences  (ASY*LE1YQEE1R  and  DSY*VGDEAQS1<).  In  princi¬ 
ple,  either  serine  or  threonine  might  have  been  labeled  rather  than 
tyrosine  in  all  three  peptides.  Elowever,  there  are  three  lines  of  evi¬ 
dence  to  indicate  that  the  label  is  on  tyrosine  rather  than  serine  or 
threonine.  First,  there  was  no  evidence  for  the  591  amu  fragment 
that  is  characteristic  of  a  serine  label  (and  presumably  of  a  threonine 
label)  [24].  Second,  OP-labeled  serine  (like  phosphoserine)  readily 
loses  the  OP-label  in  the  mass  spectrometer,  under  the  CID  condi¬ 
tions  employed  in  these  experiments.  This  fragmentation  leaves  a 
dehydroalanine  residue  in  its  stead.  A  similar  loss  for  OP-threonine 
would  be  predicted  to  yield  dehydro-threonine.  The  masses  of  the 
observed  fragments  were  consistent  with  the  presence  of  both  the 
intact  serine  (or  threonine)  and  the  OP  label.  No  masses  consistent 
with  the  loss  of  OP  and  the  presence  of  either  dehydroalanine  or 
dehydro-threonine  were  detected.  Third,  masses  for  both  tyrosine- 
FP-biotin  immonium  ions  and  tyrosine-FP-biotin  immonium  ions 
minus  amine  were  detected  in  all  three  MSMS  spectra,  indicating 
the  presence  of  FP-biotinylated  tyrosine.  For  these  reasons,  the  label 
was  assigned  to  tyrosine  in  each  case. 

Non-sequence  fragments  characteristic  of  FP-biotinylated  tyro¬ 
sine  at  329,  312,  691,  708  and  355  amu  masses  appeared  in  all  7 
MSMS  spectra  and  the  346  amu  mass  in  5  spectra.  The  presence  of 
these  ions  in  the  MSMS  spectra  confirmed  the  presence  of  FP-biotin 
on  the  peptides. 

Not  all  of  the  proteins  that  we  treated  with  FP-biotin  yielded 
labeled  peptides.  Proteins  for  which  we  could  find  no  FP- 
biotinylated  peptides  included  porcine  gelatin,  bovine  RNase, 
bovine  DNase  1,  human  IgG,  chicken  lysozyme,  and  bovine  insulin. 


4.  Discussion 

4.1.  General  phenomenon 

We  have  previously  demonstrated  that  tyrosine  in  transferrin, 
serum  albumin  and  tubulin  (both  alpha  and  beta)  react  in  vitro 


with  a  variety  of  organophosphorus  agents  (FP-biotin,  chlorpyrifos- 
oxon,  diisopropylfluorophosphate,  dichlorvos,  soman,  and  sarin) 
[8-10,12,19].  In  addition,  SDS  PAGE  experiments  have  demonstrated 
the  presence  of  at  least  50  FP-biotin  reactive  proteins  in  mouse  brain 
supernatant,  again  in  vitro  [25].  Many  of  these  latter  proteins  were 
identified  as  members  of  the  serine  hydrolase  family.  Such  proteins 
are  the  expected  targets  for  FP-biotin  [26].  However,  many  were  not 
members  of  that  family  [25]. 

The  current  experiments  clearly  demonstrate  that  the 
organophosphorus  agent  FP-biotin  is  capable  of  reacting  with 
tyrosines  on  a  variety  of  non-serine  hydrolase  proteins.  By 
inference,  other  OP  should  react  with  these  tyrosines  as  well. 

With  the  addition  of  these  proteins  to  those  that  have  already 
been  identified,  it  stands  to  reason  that  the  reaction  of  protein- 
bound  tyrosine  with  FP-biotin  is  a  widespread  phenomenon.  On 
the  other  hand,  not  all  tyrosines  in  a  protein  are  reactive  nor  do  all 
proteins  contain  reactive  tyrosines. 

4.2.  Only  certain  tyrosines  react  with  OP 

The  question  of  what  determines  the  selectivity  for  the  reac¬ 
tion  of  some  tyrosines  with  FP-biotin  arises.  In  order  for  a  tyrosine 
to  react  with  FP-biotin,  it  must  satisfy  two  criteria.  First,  the  phe¬ 
nolic  oxygen  of  the  tyrosine  must  be  exposed  to  the  medium.  The 
necessity  for  this  criterion  is  self-evident. 

Second,  the  phenolic  oxygen  must  be  capable  of  nucleophilic 
attack.  Reactions  of  OP  typically  involve  attack  by  a  nucleophile  on 
the  phosphorous  to  displace  the  most  labile  of  the  OP  ligands  [27]. 
For  tyrosine  to  serve  as  a  nucleophile,  it  must  be  deprotonated  at  the 
pH  of  the  reaction.  Ashbolt  and  Rydon  [17]  have  demonstrated  that 
tyrosine  alone  can  react  with  diisopropylfluorophosphate  (13  mM 
diisopropylfluorophosphate,  3  mM  tyrosine,  at  pH  7.8  and  37  °C  for 
24  h).  Despite  the  fact  that  the  concentration  of  OP  in  their  exper¬ 
iments  was  100-fold  higher  than  in  ours  they  demonstrated  the 
potential  of  tyrosine  to  react  with  OP. 

The  high  concentrations  of  OP  used  by  Ashbolt  and  Rydon  were 
necessary  because  of  the  low  reactivity  of  tyrosine  under  their  con¬ 
ditions.  This  low  reactivity  can  be  attributed  to  the  p/Ca  of  tyrosine. 
The  p/Ca  of  tyrosine  is  10.1  [28].  At  pH  8.3,  where  our  reactions  were 
conducted,  only  1%  of  the  typical  tyrosine  would  be  deprotonated. 
To  promote  a  nucleophilic  reaction  of  protein-bound  tyrosine  with 
OP,  some  mechanism  for  increasing  the  amount  of  deprotonated 
tyrosine  would  be  advantageous.  A  simple  way  to  accomplish  this 
objective  would  be  to  lower  the  p/Ca  value  of  the  tyrosine. 

It  has  been  demonstrated  that  interactions  between  histidine 
and  cysteine  provide  a  viable  method  for  lowering  the  p/Ca  of  cys¬ 
teine  in  proteins.  Decreases  of  4-5  pH  units  have  been  reported 
[29,30].  It  has  been  proposed  that  the  decrease  in  cysteine  p/Ca 
is  due  to  through-space,  charge-charge  interactions  [31  ].  Lowered 
p/Ca  values  for  tyrosine  in  human  transferrin  [32  ]  and  UDP-galactose 
4-epimerase  [33]  also  have  been  reported.  The  decrease  in  p/Ca  was 
ascribed  to  interaction  with  nearby  positively  charged  residues. 
In  the  case  of  UDP-galactose  4-epimerase,  NAD"^  was  implicated. 
For  human  transferrin,  four  tyrosines  were  found  to  have  pIQ 
values  around  7.  Neighboring  lysines  were  implicated.  We  sug¬ 
gest  that  this  sort  of  process  may  be  involved  in  activating  the 
FP-biotin  reactive  tyrosines  in  the  peptides  described  in  this 
paper. 

4.3.  Labeled  peptides  are  hard  to  find;  knowing  what  to  look  for 
helps 

Our  ultimate  goal  is  to  identify  the  proteins  that  are  modified 
by  low-dose  exposure  in  an  animal,  and  eventually  in  humans. 
Organophosphorus  pesticides  have  no  tag  to  help  identify  the 
labeled  peptide.  The  task  is  to  find  a  labeled  peptide  based  on 
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its  mass,  starting  from  a  mixture  of  30,000  proteins  which  upon 
digestion  with  trypsin  will  yield  at  least  a  million  peptides.  This  is  a 
very  difficult  assignment.  The  work  we  are  doing  with  pure  proteins 
aims  to  make  it  possible.  By  knowing  what  we  are  looking  for,  we 
can  reduce  the  complexity  of  the  starting  material.  For  example,  the 
most  OP-reactive  protein  in  human  plasma  is  butyrylcholinesterase. 
By  purifying  butyrylcholinesterase  from  plasma  before  beginning  a 
search  for  the  labeled  peptide,  one  can  successfully  find  the  labeled 
peptide  and  identify  the  modifying  agent  [34,35]. 

Covalent  modification  of  butyrylcholinesterase  and  acetyl¬ 
cholinesterase  does  not  explain  cognitive  impairment  and 
depression  following  pesticide  exposure  [36-38].  Therefore  we 
are  searching  for  unknown  proteins  modified  by  OP.  When  we 
first  identified  FP-biotinylated  albumin  in  mice  treated  with  a 
nontoxic  dose  of  FP-biotin  [11],  and  identified  Tyr  411  of  human 
albumin  as  the  site  modified  by  OP  [9],  we  thought  the  OP- 
tyrosine  adduct  on  albumin  was  an  exception.  Only  with  study 
of  additional  proteins  has  it  become  clear  that  covalent  binding 
of  OP  to  tyrosine  is  common.  This  principle  allows  us  to  expand 
our  search.  One  way  we  have  applied  this  principle  is  by  adding 
OP-bound  tyrosine  as  a  variable  modification  in  the  UNIMOD 
database  (http://www.unimod.org)  of  the  Mascot  search  engine 
(http://www.matrix-science.com);  all  Mascot  users  can  now  search 
for  OP-tyrosine  adducts. 

Knowing  the  exact  mass  of  candidate  OP-labeled  peptides  helps 
us  find  the  labeled  peptide.  Even  after  a  protein  has  been  partially 
purified  from  plasma  or  from  brain,  there  are  still  thousands  of  pep¬ 
tides  in  the  tryptic  digest.  In  a  mixture  of  peptides  some  peptides 
dominate  in  a  process  called  ion  suppression,  making  it  impossible 
for  other  ions  to  ionize  in  the  mass  spectrometer.  Often,  the  labeled 
peptide  cannot  be  found.  An  example  of  the  ion  suppression  prob¬ 
lem  and  the  difficulty  of  finding  a  labeled  peptide  is  the  fact  that  we 
could  not  find  the  labeled  peptide  in  pure  chicken  lysozyme  even 
though  it  is  known  that  tyrosine  in  chicken  lysozyme  is  labeled 
by  OP  [21].  The  solution  to  the  problem  of  ion  suppression  is  to 
fractionate  the  peptides.  We  separate  the  peptides  offline  by  FIPLC 
and  check  each  fraction  by  MALDl-TOF  to  identify  the  fraction  that 
includes  the  mass  of  interest.  This  step  requires  that  we  know  the 
mass  we  are  looking  for.  This  is  where  our  studies  with  pure  proteins 
are  very  helpful.  The  partially  purified  peptide  is  then  subjected  to 
LC/MS/MS  which  adds  another  liquid  chromatography  purification 
step  before  the  peptide  is  fragmented  in  the  mass  spectrometer. 
We  search  the  data  for  labeled  peptides  using  Mascot  software,  but 
we  also  search  the  data  manually  for  peptides  that  Mascot  might 
have  missed.  Mascot  generally  does  not  report  peptides  that  con¬ 
tain  fewer  than  5  amino  acids  in  its  search  results.  For  example,  the 
OP-labeled  tryptic  peptide  of  bovine  albumin  YTR,  was  not  reported 
by  Mascot  but  it  was  found  by  manual  examination  of  the  data  [24]. 
This  step  requires  that  we  know  what  we  are  looking  for.  In  conclu¬ 
sion,  the  information  obtained  from  a  study  of  pure  proteins  labeled 
with  OP  is  the  basis  for  in  vivo  studies  that  aim  to  identify  proteins 
modified  by  OP. 

4.4.  In  vivo  studies 

The  issue  that  we  currently  have  under  investigation  is  whether 
reaction  of  OP  with  proteins  occurs  in  vivo  at  OP  concentrations 
low  enough  that  signs  of  cholinergic  toxicity  do  not  appear.  We 
have  already  demonstrated  that  albumin  and  carboxylesterase  from 
mouse  plasma  together  with  nine  other  unidentified  proteins  can 
be  labeled  in  vivo  by  FP-biotin,  at  concentrations  that  do  not  sig¬ 
nificantly  inhibit  acetylcholinesterase  [11].  The  reactive  residue  on 
albumin  is  tyrosine  [9,20],  while  that  on  carboxylesterase  is  the 
active  site  serine  [39].  In  vivo  studies  in  guinea  pigs  treated  with 
soman  and  tabun  identified  OP-tyrosine  adducts  on  albumin  [20]. 
In  vivo  studies  to  search  for  other  proteins  modified  by  OP  are 


underway.  The  work  with  pure  proteins  in  this  report  will  aid  in 
the  identification  of  proteins  modified  in  vivo. 

4.5.  Significance 

Our  findings  may  have  application  to  diagnosis  of  OP  exposure. 
Proteins  that  have  no  active  site  serine  may  serve  as  biomarkers  of 
exposure.  In  the  future  it  may  be  possible  to  develop  antibodies  to 
new  OP-labeled  biomarkers  to  use  for  screening  OP  exposure.  The 
recognition  of  a  new  OP-binding  motif  to  tyrosine  suggests  new 
directions  to  search  for  mechanisms  to  explain  cognitive  deficits 
and  depression  associated  with  exposure  to  OP. 
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Organophosphate  (OP)  esters  bind  covalently  to  the  active  site  serine  of  enzymes  in  the  serine  hydrolase 
family.  Recently,  mass  spectrometry  identified  covalent  binding  of  OPs  to  tyrosine  in  a  wide  variety  of 
proteins  when  purified  proteins  were  incubated  with  OPs.  In  the  current  work,  manual  inspection  of  tan¬ 
dem  mass  spectrometry  (MS/MS)  data  led  to  the  realization  that  lysines  also  make  a  covalent  bond  with 
OPs.  OP-labeled  lysine  residues  were  found  in  seven  proteins  that  had  been  treated  with  either  chlorpyri¬ 
fos  oxon  (CPO)  or  diisopropylfluorophosphate  (DFP):  human  serum  albumin  (I<212,  K414,  K199,  and 
K351),  human  keratin  1  (I<211  and  I<355),  human  keratin  10  (K163),  bovine  tubulin  alpha  (K60,  K336, 
K163,  K394,  and  K401),  bovine  tubulin  beta  (K58),  bovine  actin  (I<113,  I<291,  I<326,  I<315,  and  I<328), 
and  mouse  transferrin  (K296  and  K626).  These  results  suggest  that  OP  binding  to  lysine  is  a  general  phe¬ 
nomenon.  Characteristic  fragments  specific  for  CPO-labeled  lysine  appeared  at  237.1,  220.0, 192.0, 163.9, 
128.9,  and  83.9  amu.  Characteristic  fragments  specific  for  DFP-labeled  lysine  appeared  at  164.0,  181.2, 
and  83.8  amu.  This  new  OP-binding  motif  to  lysine  suggests  new  directions  to  search  for  mechanisms 
of  long-term  effects  of  OP  exposure  and  in  the  search  for  biomarkers  of  OP  exposure. 

©  2009  Elsevier  Inc.  All  rights  reserved. 


Organophosphate  (OP)^  agents  include  pesticides  and  chemical 
warfare  agents  [1,2].  The  intended  target  of  these  agents  is  the  active 
site  serine  of  acetylcholinesterase  (AChE,  EC  3. 1.1. 7).  Inhibition  of 
AChE  explains  the  acute  symptoms  that  are  observed  on  exposure 
to  high  doses  of  OPs  [3,4].  However,  chronic  exposure  to  OPs  at  doses 
too  low  to  generate  cholinergic  symptoms  has  been  implicated  in  a 
variety  of  adverse  effects,  including  memory  loss,  learning  disability, 
fatigue,  depression,  and  Parkinson’s  disease  [5-9].  These  symptoms 
may  appear  after  exposures  too  low  to  significantly  inhibit  AChE 
[10].  These  observations  suggest  that  there  are  clinically  relevant 
targets  for  OPs  in  addition  to  AChE. 

Reactions  of  OPs  with  a  variety  of  serine  hydrolases  in  vitro 
have  long  been  known.  Targets  include,  but  are  not  limited  to,  fatty 
acid  amide  hydrolase,  acyl  peptide  hydrolase,  carboxylesterase, 
phosphoglucomutase,  and  trypsin  [2,11-13].  Enzymes  without  a 
serine  active  site,  such  as  lysyl  oxidase  and  the  M2  muscarinic 
receptor,  also  react  with  OPs  [2,14].  Results  from  electrospray 
ionization  mass  spectrometry  (ESI-MS)  have  demonstrated  that 
OPs  can  react  with  tyrosines  on  proteins  such  as  transferrin  [15], 
serum  albumin  [16-21],  and  tubulin  [22].  Although  there  has  been 
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a  renewed  interest  in  the  reaction  of  tyrosine  with  OPs  recently, 
reaction  of  tyrosines  from  human  serum  albumin  and  bovine  ser¬ 
um  albumin  with  the  OP  agent  diisopropylfluorophosphate  (DFP) 
was  reported  by  Sanger  in  1963  [23].  Between  1965  and  1971, 
DFP  was  shown  to  react  with  tyrosine  residues  on  bromelain 
[24],  papain  [25],  and  lysozyme  [26].  We  enlarged  the  group  of 
proteins  for  which  tyrosine  serves  as  an  OP  target  to  include  kine- 
sin  3C,  alpha  2-glycoprotein  1  zinc,  pro-apolipoprotein  A-I,  keratin, 
actin,  ATP  synthase,  adenine  nucleotide  translocase  I,  chymotryp- 
sinogen,  and  pepsin  [27].  Reaction  of  free  tyrosine  with  OPs  was 
demonstrated  by  Ashbolt  and  Rydon  [28].  Taken  together,  these 
observations  firmly  establish  tyrosine  as  a  target  for  OPs  in 
proteins. 

In  the  course  of  our  investigations  into  OP  labeling  of  tyrosine, 
we  found  that  the  s-amine  of  lysine  was  also  labeled.  This  hnding 
was  quite  unexpected  because  it  has  long  been  known  that  the 
phosphoamidate  bond,  such  as  that  in  s-N-phospho-lysine,  is  sen¬ 
sitive  to  hydrolysis,  especially  at  pH  values  below  8.0  [29].  The  pH 
sensitivity  is  of  particular  importance  for  our  experiments  because, 
as  is  the  general  practice  when  preparing  peptide  samples  for  ESI- 
MS,  we  used  solvents  containing  0.1%  formic  acid.  Despite  the 
unexpected  nature  of  the  observations,  we  found  OP-labeled  lysine 
in  seven  proteins.  To  our  knowledge,  there  are  no  previous  reports 
of  proteins  containing  an  OP-labeled  lysine. 

Mass  spectrometry  (MS)  is  an  excellent  tool  for  identifying 
markers  of  protein  modification.  Three  mass  spectral  features  can 
be  used  for  the  identification  of  protein  modihcation.  First  is  the 
mass  of  the  parent  ion  that  must  be  consistent  with  the  mass  of 


Mass  spectral  characterization  of  OP-labeled  lysine /H.  Grigoryan  et  al./Anal.  Biochem.  394  (2009)  92-100 


93 


a  known  peptide  plus  the  mass  of  the  modification.  Second  is  the 
presence  of  a  gap  in  the  amino  acid  sequence  from  a  tandem  mass 
spectrometry  (MS/MS)  spectrum  that  is  consistent  with  the  mass 
of  a  modified  amino  acid.  Third  is  the  presence  of  fragments  in 
the  MS/MS  spectrum  that  are  characteristic  of  the  modification. 
We  employed  tandem  quadrupole  ESl-MS  in  conjunction  with 
collision-induced  dissociation  (CID)  to  study  peptides  containing 
OP-labeled  lysine.  All  three  mass  spectral  features  were  found. 

This  presentation  has  four  goals.  The  first  is  to  document  the 
existence  of  OP-labeled  lysine  in  proteins.  The  second  is  to  identify 
the  OP-labeled  peptides  and  the  specific  OP-labeled  lysine  resi¬ 
dues.  The  third  is  to  describe  the  characteristic  fragment  ions  for 
the  OP-labeled  lysine  along  with  the  frequency  at  which  each  ion 
appears  and  the  relative  intensity  of  the  signals  for  each  character¬ 
istic  fragment.  The  fourth  goal  is  to  establish  that  OPs  react  with 
lysine  in  a  number  of  proteins. 

Here  we  report  on  the  reaction  of  seven  proteins  from  three 
species  (human  serum  albumin,  human  keratin  1,  human  keratin 
10,  bovine  tubulin  alpha,  bovine  tubulin  beta,  bovine  actin,  and 
mouse  transferrin)  with  two  OP  agents  (chlorpyrifos  oxon  [CPO] 
and  DFP).  In  all  cases,  the  mass  of  the  parent  ion  in  the  MS  spec¬ 
trum  was  consistent  with  the  presence  of  the  OP  label.  Manual 
analysis  of  the  MS/MS  spectra  from  the  labeled  peptides  typically 
revealed  gaps  in  the  b  and/or  y  ion  series  that  were  consistent  with 
the  mass  of  OP-modified  lysine.  These  gaps  confirmed  the  presence 
of  the  OPs  and  yielded  the  location  of  the  labeled  residue  in  the 
peptide  sequence.  Finally,  characteristic  fragments  that  are  diag¬ 
nostic  for  the  presence  of  OP-labeled  lysine  were  identified  for 
each  OP. 


Materials  and  methods 

Materials 

Purified  human  serum  albumin  (essentially  fatty  acid  free,  cat. 
no.  05418),  bovine  actin  (cat.  no.  3653),  human  epidermal  keratin 
(cat.  no.  K0253),  DFP  (cat.  no.  D0879),  iodoacetamide  (cat.  no. 
16125),  Glu-fibrinopeptide  B  (cat.  no.  F3261),  and  mouse  transfer¬ 
rin  (cat.  no.  T0523)  were  obtained  from  Sigma-Aldrich-Fluka  (St. 
Louis,  MO,  USA).  Dithiothreitol  (electrophoresis  grade,  cat.  no. 
BPl 72-25)  was  obtained  from  Fisher  Biotech  (Fair  Lawn,  NJ,  USA). 
Modified  porcine  trypsin  (N-tosyl-i-phenylalanine  chloromethyl 
ketone  [TPCK]  treated,  reductively  methylated,  sequencing  grade, 
cat.  no.  V5113)  was  purchased  from  Promega  (Madison,  Wl, 
USA).  Bovine  brain  tubulin  (>  99%  pure,  cat.  no.  TL238)  was 
obtained  from  Cytoskeleton  (Denver,  CO,  USA).  CPO  (cat.  no. 
MET-674B)  was  obtained  from  Chem  Service  (West  Chester,  PA, 
USA). 

Labeling 

Reaction  of  human  serum  albumin  with  DFP  was  performed  as 
follows.  Serum  albumin  (8.8  mg)  was  dissolved  in  5  ml  of  10  mM 
Tris-HCl  (pH  8.0,  to  yield  1.76  mg  protein/ml  or  2.6  x  10“^  M  pro¬ 
tein)  and  treated  with  26.5  pi  of  0.1  M  DFP  in  isopropanol  (final 
concentration  of  5.3  x  10“^  M)  for  2  h  at  room  temperature.  The 
protein  was  denatured  in  8  M  urea,  reduced  with  10  mM  dithio¬ 
threitol  (with  boiling  for  10  min  in  a  water  bath),  alkylated  with 
90  mM  iodoacetamide  (for  1  h  at  37  °C  in  the  dark),  and  dialyzed 
against  10  mM  ammonium  bicarbonate  at  4°C  overnight  using 
Spectra/Por  Dialysis  Membrane  (molecular  weight  cutoff 
[MWCO]  =  12,000-14,000,  cat.  no.  132700,  Spectrum  Medical 
Industries,  Los  Angeles,  CA,  USA).  Then  500  pi  of  the  mixture  was 
digested  with  trypsin  (1:50  [w/w]  ratio)  overnight  at  37  °C.  The 
tryptic  digest  was  dried  in  a  Jouan  SpeedVac  (model  RClO-10, 


Thermo  Fisher  Scientific,  Waltham,  MA,  USA)  and  redissolved  in 
5%  acetonitrile/95%  water/0.1  %  formic  acid  to  make  a  final  solution 
of  7  pmol  albumin  peptides  per  microliter  that  was  used  for  FSl- 
MS. 

Reaction  of  human  albumin  with  CPO  was  performed  in  an 
analogous  manner  using  15  pM  albumin  and  150  pM  CPO  [19]. 

Reaction  of  tubulin  with  CPO  was  performed  as  described  by 
Grigoryan  and  coworkers  [30].  Bovine  tubulin  was  dissolved  in 
200  pi  of  15  mM  ammonium  bicarbonate  (pH  8.3)  to  give  a  concen¬ 
tration  of  0.6  mg  tubulin/ml  or  12  pM.  This  was  treated  with 
500  pM  CPO  (10  pi  of  a  10-mM  CPO  stock  solution  in  dimethyl 
sulfoxide)  for  24  h  at  37  °C.  The  tubulin  was  denatured  by  heating 
for  10  min  in  boiling  water,  and  then  the  denatured  protein  was 
dialyzed  against  4  L  of  ammonium  bicarbonate  (pH  8.3)  using  a 
Slide-A-Lyzer  dialysis  cassette  (MWCO  =  7000,  cat.  no.  66370, 
Pierce,  Rockford,  IL,  USA).  Dialyzed  tubulin  (60  pg)  was  digested 
with  1.5  pg  of  sequencing-grade  trypsin  for  16  h  at  37  °C.  The  tryp¬ 
tic  peptides  were  dried  in  a  SpeedVac  and  redissolved  in  5%  aceto¬ 
nitrile/water  plus  0.1%  formic  acid  to  a  final  concentration  of 
approximately  2  pmol/pl,  which  was  used  for  mass  spectral 
analysis. 

Reaction  of  actin  with  CPO  was  performed  as  described  by 
Schopfer  and  coworkers  [31].  Bovine  actin  was  dissolved  in 
130  pi  of  10  mM  ammonium  bicarbonate  (pH  8.3)  to  give  a  final 
concentration  of  2.5  mg  actin/ml  or  48  pM.  This  was  reacted  with 
240  pM  CPO  (3  pi  of  a  10-mM  CPO  stock  solution  in  dimethyl  sulf¬ 
oxide)  at  37  °C  for  24  h.  The  actin  was  denatured,  reduced,  alkyl¬ 
ated,  dialyzed,  digested  with  trypsin,  dried,  and  resuspended  in 
5%  acetonitrile/0.1  %  formic  acid  for  mass  spectral  analysis  as 
described  for  tubulin. 

Reaction  of  keratin  with  CPO  was  performed  as  described  by 
Schopfer  and  coworkers  [31].  Here  100  pi  of  a  mixture  of  dena¬ 
tured  human  keratins  at  1  mg  protein/ml  (in  5  mM  Tris,  8  M  urea, 

1  mM  p-mercaptoethanol,  and  0.1%  azide,  pH  8.4)  was  renatured 
by  dialysis  against  25  mM  Tris-Cl  (pH  7.5)  and  then  treated  with 

2  mM  CPO  (25  pi  of  a  10-mM  CPO  stock  solution  in  dimethyl  sulf¬ 
oxide)  at  37  °C  for  24  h.  The  keratin  was  then  processed  as  de¬ 
scribed  for  actin. 

Reaction  of  transferrin  with  CPO  was  performed  as  described  by 
Li  and  coworkers  [15].  Here  100  pi  of  mouse  transferrin  at  1  mg 
transferrin/ml  was  treated  with  0.5  mM  CPO  (5  pi  of  a  10-mM 
CPO  stock  solution  in  ethanol)  at  37  °C  for  16  h.  The  transferrin 
was  denatured  in  8  M  urea  and  then  reduced,  alkylated,  dialyzed, 
digested  with  trypsin  (at  a  transferrin-to-trypsin  ratio  of  50:1  by 
weight),  dried,  and  resuspended  in  5%  acetonitrile/0.1  %  formic  acid 
for  mass  spectral  analysis. 

Quadrupole  MS 

For  quadrupole  MS,  5  to  10  pi  of  a  tryptic  digest  (30-50  pmol) 
was  injected  onto  a  high-performance  liquid  chromatography 
(HPLC)  nanocolumn  (218MS3.07515  Vydac  Cl 8  polymeric  reverse 
phase,  75  pm  i.d.  x  150  mm  long,  P.  J.  Cobert  Associates,  St.  Louis, 
MO,  USA).  Peptides  were  separated  with  a  90-min  linear  gradient 
from  5  to  60%  acetonitrile  at  a  flow  rate  of  0.3  pl/min  and  electro- 
sprayed  through  a  fused  silica  emitter  (360  pm  o.d.,  75  pm  i.d., 
15  pm  taper.  New  Objective,  Woburn,  MA,  USA)  directly  into  the 
QTRAP  2000  (a  hybrid  quadrupole  linear  ion  trap  mass  spectrome¬ 
ter,  Applied  Biosystems,  Foster  City,  CA,  USA).  An  ion  spray  voltage 
of  1900  V  was  maintained  between  the  emitter  and  the  orifice. 
Information-dependent  acquisition  was  used  to  collect  MS,  high- 
resolution  MS,  and  MS/MS  spectra.  All  spectra  were  collected  in 
the  enhanced  mode  using  the  trap  function.  The  three  most  intense 
MS  peaks  in  each  cycle,  having  masses  between  200  and  1700  m/z, 
charge  of  +1  to  +4,  and  intensities  greater  than  10,000  cps,  were 
selected  for  high-resolution  MS  and  MS/MS  analysis.  Precursor  ions 
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were  excluded  for  30  s  after  one  MS/MS  spectrum  had  been  col¬ 
lected.  MS/MS  fragmentation  was  obtained  by  low-energy  CID. 
The  collision  cell  was  pressurized  to  40  pTorr  with  pure  nitrogen. 
Collision  energies  between  20  and  40  eV  were  determined  auto¬ 
matically  by  the  software  based  on  the  mass  and  charge  of  the  pre¬ 
cursor  ion.  The  mass  spectrometer  was  calibrated  on  selected 
fragments  from  the  MS/MS  spectrum  of  human  Glu-fibrinopeptide 
B. 

Results 

OP-labeled  peptides 

A  lysine  from  each  of  22  peptides  was  found  to  have  reacted 
with  either  CPO  or  DFP.  Those  22  peptides  came  from  seven  differ¬ 
ent  proteins:  5  peptides  from  human  serum  albumin,  2  peptides 
from  human  keratin  1,  1  peptide  from  human  keratin  10,  6  pep¬ 
tides  from  bovine  tubulin  alpha,  1  peptide  from  bovine  tubulin 
beta,  5  peptides  from  bovine  actin,  and  2  peptides  from  mouse 
transferrin  (see  Table  1). 

When  CPO  reacts  with  lysine,  the  mass  added  to  the  peptide  is 
136  amu  (for  diethoxyphosphate).  When  DFP  reacts  with  lysine, 
the  mass  added  to  the  peptide  is  164  amu  (for  diisopropoxyphos- 
phate).  Most  of  the  peptides  in  Table  1  exhibited  a  parent  ion  mass 
equal  to  the  mass  of  the  amino  acid  sequence  plus  the  mass  added 
from  the  OP  adduct  (to  within  0.2  amu).  In  five  instances,  the  mass 
of  the  peptide  was  equal  to  the  mass  of  the  amino  acid  sequence 
plus  twice  the  mass  of  the  OP  adduct.  In  the  latter  instances,  a  label 
was  found  on  both  a  tyrosine  and  a  lysine.  The  sequence  of  each 
peptide  was  confirmed  by  manual  analysis  of  the  CID  MS/MS  spec¬ 
trum.  The  “MS  Product”  algorithm  (a  component  of  Protein  Pros¬ 
pector,  version  5.2.2,  University  of  California,  San  Francisco, 
http://prospector.ucsf.edu)  was  used  to  help  identify  fragments 
from  the  MS/MS  spectra.  The  Mascot  database  algorithm  (Matrix 
Science,  London,  UK,  http://www.matrixscience.com)  was  also 
used  in  the  identification  of  labeled  peptides  [32].  The  masses  for 
OP-labeled  lysine  have  been  added  to  the  Unimod  protein  modifi¬ 


cation  database  (http://www.unimod.org)  to  facilitate  the  use  of 
Mascot  in  searches  for  OP-modified  residues.  They  are  listed  as 
0-diethylphosphate  (for  CPO)  and  diisopropylphosphate  (for 
DFP).  The  precise  location  of  the  labeled  amino  acid  could  generally 
be  established  from  the  observed  sequence.  Finally,  characteristic 
nonsequence  masses  that  supported  the  proposed  labeling  were 
identified  (see  Table  2). 

Reaction  of  OPs  with  lysine 

Reaction  of  an  OP  with  a  lysine  (in  a  protein)  would  be  expected 
to  proceed  via  nucleophilic  attack  of  the  s-amino  group  from  the 
lysine  on  the  phosphorus  of  the  OP.  This  reaction  would  result  in 
the  addition  of  a  single  organophosphorus  moiety  to  the  s-amino 
group  of  the  lysine  (Fig.  1). 

The  OPs  used  in  the  following  work  were  CPO  and  DFP  (see 
Fig.  2  for  structures).  The  groups  that  are  displaced  from  the  OPs 
as  a  consequence  of  nucleophilic  attack  are  the  0-(3,5,6-tri- 
chloro-2-pyridinyl)  of  CPO  and  the  fluoride  of  DFP.  The  resulting 
adducts  are  diethoxyphospho-lysine  and  diisopropoxyphospho-ly- 
sine,  respectively. 

C/D  fragmentation  of  s-N-modified  lysine  from  peptides 

When  peptides  containing  s-N-modified  lysine  are  subjected  to 
low-energy  CID,  a  sequence  of  reactions  ensues,  yielding  promi¬ 
nent  characteristic  fragment  ions  corresponding  to  (i)  a  modified 
ot-amino-caprolactam  (at  129  amu  plus  the  mass  of  the  modifica¬ 
tion),  (ii)  a  modified  lysine  immonium  ion  (at  101  amu  plus  the 
mass  of  the  modification),  (iii)  a  modified  lysine  immonium  ion 
minus  NH3  (at  84  amu  plus  the  added  mass  of  the  modification), 
and  (iv)  a  lysine  immonium  ion  minus  the  modification  and  minus 
NH3  (at  84  amu).  Fig.  3  illustrates  the  sequence  of  structures 
involved  in  this  fragmentation  process.  Details  of  the  process  were 
worked  out  by  Fenaille  and  coworkers  using  MS/MS  and  pseudo- 
MS^  (fragmentation  of  a  fragment  from  MS/MS)  analysis  of 
peptides  containing  lysine  modified  on  the  s-amine  with  hexanal 


Table  1 

OP-labeled  lysine-containing  peptides  observed  in  tryptic  digests. 

Species  Protein  Peptide^  Residue  number*’  gi  number‘d  Peptide  mass^  OP® 


Human 

Human 


Serum  albumin 
Serum  albumin 


AFK*AWAVAR 

KWPQVSTPTLVEVSR 


3 

Human 

Serum  albumin 

Y*TKK*VPQ.VSTPTLVEVSR 

4 

Human 

Serum  albumin 

LK*CASLQK 

5 

Human 

Serum  albumin 

LAK*TYETTLEK 

6 

Human 

Keratin  1 

FLEQ.QNQyLQTK*WELLQ.QyDTSTR 

7 

Human 

Keratin  1 

SLDLDSIIAEVICAQYEDIQK 

8 

Human 

Keratin  10 

LASYLDKWR 

9 

Bovine 

Tubulin  alpha 

DVNAA1AT1K*TK 

10 

Bovine 

Tubulin  alpha 

LSVDY*GK*K 

11 

Bovine 

Tubulin  alpha 

LDHICFDLMYAK 

12 

Bovine 

Tubulin  alpha 

FDLMYWCR 

13 

Bovine 

Tubulin  alpha 

Y*AK*R 

14 

Bovine 

Tubulin  alpha 

TIGGGDDSFNTFFSETGAGICHVPR 

15 

Bovine 

Tubulin  beta 

K*Y*VPR 

16 

Bovine 

Actin 

VAPEEHPTLLTEAPLNPICANR 

17 

Bovine 

Actin 

DLTDYLMICILTER 

18 

Bovine 

Actin 

E1TALAPSTMK*1K 

19 

Bovine 

Actin 

MQICEITALAPSTMK 

20 

Bovine 

Actin 

IICIIAPPER 

21 

Mouse 

Transferrin 

DLLFK*DSAFGLLR 

22 

Mouse 

Transferrin 

SmCDLLFR 

K212 

28592 

1155.4 

CPO 

K414 

28592 

1775.5 

CPO 

K414  Y411 

28592 

2307.4 

CPO 

K199 

28592 

1083.4 

CPO 

K351 

28592 

1461.0 

DFP 

K211 

119395750 

3069.1 

CPO 

K355 

119395750 

2486.5 

CPO 

K163 

47744568 

1200.7 

CPO 

K336 

73586894 

1380.8 

CPO 

K163  Y161 

73586894 

1181.6 

CPO 

K394 

73586894 

1517.0 

CPO 

K401  Y399 

73586894 

1315.6 

CPO 

K401  Y399 

73586894 

809.4 

CPO 

K60 

73586894 

2633.4 

CPO 

K58  Y59 

75773583 

934.0 

CPO 

K113 

62287933 

2433.7 

CPO 

K291 

62287933 

1746.4 

CPO 

K326 

62287933 

1538.4 

CPO 

K315 

62287933 

1684.3 

CPO 

K328 

62287933 

1172.5 

CPO 

K296 

21363012 

1631.4 

CPO 

K626 

21363012 

1217.0 

CPO 

^  K*  indicates  the  labeled  lysine.  Y*  indicates  a  labeled  tyrosine  in  the  same  peptide. 

^  Numbering  is  for  the  mature  sequence  except  for  the  keratins  that  are  numbered  from  the  gene  sequence. 

®  The  gi  number  is  the  NCBl  accession  number  for  the  protein  from  PubMed. 

^  The  peptide  masses  are  the  measured,  singly  charged  average  masses  [M+H]^^  for  the  labeled  peptides.  Peptides  containing  cysteine  are  carbamidomethylated. 
®  CPO  indicates  chlorpyrifos  oxon.  DFP  indicates  diisopropylfluorophosphate. 
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Table  2 

OP-iabeled  lysine  characteristic  ions. 


Note.  All  masses  are  for  the  protonated  dehydro  form  of  the  amino  acid. 

^  Mass  is  given  as  the  average  of  all  measurements. 

^  Percentage  refers  to  the  fraction  of  the  tryptic  peptides  that  exhibited  this  mass. 

Relative  intensity  refers  to  the  intensity  of  the  mass  relative  to  the  most  intense  peak  in  the  MS/MS  spectrum.  This  value  is  generally  given  as  a  range  in  percentage. 


0=C 


HN 

I 


(pH-CHiCHiCHiCHiNHi  +  GHjCHaO-y-O  /  y 

a 

CH3CH2O  \ — / 


a 


o=<J  9 

CH-CH2CH2CH2CH2NH-P-OCH2CH3 
mji  CH3CH2O 


Lysine 


Chlorpyrifos  oxon 


Diethoxyphospholysine  3,5,6  trichloro-2-pyridinol 


Fig.  1.  Illustration  of  the  reaction  of  lysine  with  OPs  using  CPO  as  an  example  for  the  OP. 


[33].  Their  proposed  sequence  of  steps  is  consistent  with  the  pro-  unmodified  lysine-containing  peptides  [34].  CID  fragmentation  of 

cess  described  by  Yalcin  and  Harrison  for  CID  fragmentation  of  OP-labeled  lysine  would  be  expected  to  follow  the  pathway  de- 
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O 

II 

(CH3)2CH0-P-F 

(CH3)2CH0 


Chlorpyrifos  oxon  (CPO)  Diisopropylfluorophosphate  (DFP) 

Fig.  2.  OP  structures. 


scribed  in  Fig.  3.  This  is  essentially  what  is  observed.  We  found 
fragment  masses  that  are  consistent  with  these  structures  from 
peptides  containing  OP-modified  lysine  (where  the  OP  is  either 
CPO  or  DFP)  (see  Table  2). 

An  alternative  fragmentation  pathway  that  leads  to  pipecolic 
acid  (130  amu)  has  also  been  reported  [33,34].  This  mass  was  occa¬ 
sionally  observed  in  the  CID  of  peptides  containing  OP-labeled 
lysine. 

Characteristic  fragments  from  OP-labeled  lysine 
CPO 

When  CPO  reacts  with  lysine,  the  added  mass  is  136  amu  (for 
diethoxyphosphate).  Under  CID  conditions,  there  is  a  relatively  fac¬ 
ile  gas-phase  elimination  of  one  or  both  of  the  ethylene  side  chains 
(28  amu  each)  from  the  diethoxyphosphate  [31],  resulting  in  a 
monoethoxyphosphate  adduct  (added  mass  =  108  amu)  or  a  phos¬ 
phate  adduct  (added  mass  =  80  amu).  This  side  chain  elimination 
explains  the  lysine-related  masses  observed  during  CID  fragmenta¬ 
tion  of  CPO-modified  lysine-containing  peptides  (see  Table  2). 

CID  fragmentation  of  peptides  containing  diethoxyphosphate- 
modified  lysine  yields  nonsequence  characteristic  ions  at  237, 
220, 209, 192, 164, 130, 129,  and  84  amu.  These  masses  correspond 
to  the  diethoxyphosphate  adduct  of  the  lysine  immonium  ion 
(136  +  101  =  237  amu),  the  diethoxyphosphate  adduct  of  the  lysine 
immonium  ion  minus  NH3  (136  +  84  =  220  amu),  the  monoethoxy¬ 
phosphate  adduct  of  the  lysine  immonium  ion  (108  +  101  = 
209  amu),  the  monoethoxyphosphate  adduct  of  the  lysine  immoni¬ 
um  ion  minus  NH3  (108  +  84  =  192  amu),  the  phosphate  adduct  of 
the  lysine  immonium  ion  minus  NH3  (80  +  84  =  164  amu),  pipeco¬ 
lic  acid  (130  amu),  a-amino-caprolactam  (129  amu),  and  the  lysine 
immonium  ion  minus  NH3  and  minus  all  vestiges  of  the  diethoxy¬ 
phosphate  label  (84  amu).  Table  2  lists  these  fragments,  shows 
their  structures,  indicates  the  frequency  with  which  they  appeared 
in  the  21  MS/MS  spectra  of  CPO-modified  peptides,  and  indicates 
their  intensities  relative  to  the  most  intense  mass  in  each 
spectrum. 


LAKTYETTLEK 


m/z  (amu) 


Fig.  4.  CID  mass  spectrum  of  the  diisopropoxyphosphate-labeled,  human  serum 
albumin,  tryptic  peptide  LAK*TYETTLEK.  The  doubly  charged  parent  ion  at 
731.0  amu  is  designated  by  the  letter  P.  Sequential  neutral  loss  of  isopropylene 
(42  amu)  from  the  diisopropoxyphosphate  parent  ion  is  designated  by  PI 
(709.8  amu)  and  P2  (688.3  amu).  Sequential  neutral  loss  of  isopropylene  from  the 
b3  ion  is  indicated  by  b3c  (diisopropoxyphosphate  form  at  477.6  amu),  b3b 
(monoisopropoxyphosphate  form  at  435.6  amu),  and  b3a  (phosphate  form  at 
363.6  amu).  The  values  enclosed  in  the  boxes  are  the  masses  of  the  characteristic 
fragments  for  diisopropoxyphosphate-labeled  lysine.  Lys351  is  covalently  modified 
by  DFP. 


As  indicated  in  Table  2,  the  237-amu  mass  could  be  interpreted 
as  either  the  diethoxyphospho-lysine  immonium  ion  or  the  mono- 
ethoxyphospho  ot-amino-caprolactam.  If  the  latter  interpretation 
were  correct,  one  might  expect  to  see  ions  consistent  with  the 
diethoxyphospho  ot-amino-caprolactam  (at  265  amu).  No  peak  at 
265  amu  appeared  in  any  of  the  21  MS/MS  spectra,  suggesting  that 
the  a-amino-caprolactam  interpretation  is  incorrect.  Conversely, 
masses  for  both  the  diethoxyphospho-lysine  immonium  ion 
(237  amu)  and  the  monoethoxyphospho-lysine  immonium  ion 
(209  amu)  were  detected  (see  Table  2),  suggesting  that  the  lysine 
immonium  ion  interpretation  is  correct.  Modified  immonium  ions 
are  most  often  the  source  of  characteristic  fragments  [35]. 

The  most  prevalent  characteristic  ion  was  the  diethoxyphos¬ 
pho-lysine  immonium  ion  minus  NH3  (220  amu),  appearing  in 
95%  of  the  MS/MS  spectra  (20  of  21 ).  This  is  consistent  with  the  re¬ 
sults  of  Fenaille  and  coworkers,  who  found  the  modified  lysine 
immonium  ion  minus  NH3  to  be  a  prominent  mass  in  MS/MS  spec¬ 
tra  of  hexanal-modified  lysine-containing  peptides  [33].  Although 
the  intensity  of  the  220-amu  ion  varied  from  6  to  100%  of  the  most 
intense  ion  in  the  spectrum,  its  intensity  was  generally  around  30%. 


O 


R2  II 


N-leniiinal  lysine  peptide  129+R2  amu 

R 1  =  additional  AAs  a-ainino-caprolactam 

R2=alkyl 


101+R2  amu  84+R2  amu  84  amu 

iimnonium  ion  immonium  -  NH3  immonium  -  N  H3 

minus  modification 


Fig.  3.  CID  fragmentation  of  s-N-modified  lysine.  The  mass  of  R2  for  DFP  can  be  +164  for  diisopropoxyphosphate  or  +80  for  DFP  that  has  lost  both  isopropyl  groups.  The  mass 
of  R2  for  CPO  can  be  +136  for  diethoxyphosphate,  +108  for  monoethoxyphosphate,  or  +80  for  CPO  that  has  lost  both  ethoxy  groups.  The  immonium  ion  minus  NH3  is  indicated 
as  immonium  -  NH3. 
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Fig.  5.  CID  mass  spectrum  of  the  diethoxyphosphate-labeled,  mouse  transferrin, 
tryptic  peptide  STTICDLLFR.  The  values  enclosed  in  the  boxes  are  the  masses  of  the 
characteristic  fragments  for  diethoxyphosphate-labeled  lysine.  The  parent  ion  is 
marked  by  [M+2H]^'".  Lys626  is  labeled  by  CPO. 

On  three  occasions  it  was  the  most  intense  ion  in  the  spectrum.  The 
two  next  most  common  characteristic  ions  were  also  modified 
derivatives  of  the  lysine  immonium  ion  minus  NH3:  monoethoxy- 
phospho-lysine  immonium  ion  minus  NH3  (192.0  amu)  and  phos- 
pho-lysine  immonium  ion  minus  NH3  (163.9  amu).  The  lysine 
immonium  ion  (without  modification,  83.9  amu)  and  the  diethoxy- 
phospho-lysine  immonium  ion  (237.1  amu)  also  were  frequently 
present.  Occasionally,  masses  for  the  ot-amino  caprolactam 
(128.9  amu),  pipecolic  acid  (129.9  amu),  and  monoethoxyphos- 
pho-lysine  immonium  ion  (209.1  amu)  appeared. 

Once  identified,  the  characteristic  ions  for  the  diethoxyphos- 
phate  adduct  were  particularly  useful  in  that  they  provided  a  con¬ 
venient  way  to  identify  diethoxyphosphate-labeled  lysine  in  other 
peptides. 

DFP 

Only  human  serum  albumin  was  treated  with  DFP,  and  only  one 
labeled  peptide  was  found,  namely  LAlCTYETTLEK.  Because  no 
other  proteins  were  treated  with  DEP,  it  is  entirely  possible  that 
other  DPP-labeled  peptides  may  be  found  in  the  future. 


Fig.  6.  CID  mass  spectrum  of  the  diethoxyphosphate-labeled,  bovine  actin,  tryptic 
peptide  VAPEEHPTLLTEAPLNPICANR.  The  parent  ion  is  marked  by  the  letter  P.  There 
are  no  characteristic  fragments  for  diethoxyphosphate-labeled  lysine.  LysllB  is 
covalently  modified  by  CPO. 


(pCHaCHa 


Fig.  7.  CID  mass  spectrum  of  the  diethoxyphosphate-labeled,  bovine  tubulin  beta, 
tryptic  peptide  K*Y*VPR.  The  values  enclosed  in  the  boxes  are  the  masses  of  the 
characteristic  fragments  for  diethoxyphosphate-labeled  lysine  and  diethoxyphos¬ 
phate-labeled  tyrosine.  The  parent  ion  is  marked  by  [M+2H]^^.  Lys58  and  Tyr59  are 
labeled  by  CPO. 


When  DEP  reacts  with  lysine,  the  added  mass  is  164  amu  (for 
diisopropoxyphosphate).  Under  CID  conditions,  gas-phase  elimina¬ 
tion  of  the  isopropylene  side  chains  (42  amu)  is  even  more  facile 
than  elimination  of  ethylene  is  for  the  diethoxyphospho  adducts 
[31].  Isopropylene  elimination  is  so  easy  that  there  is  no  evidence 
for  characteristic  ions  that  retain  a  side  chain. 

CID  fragmentation  of  the  peptide  containing  the  diisopropoxy- 
phosphate-modified  lysine  yielded  nonsequence  characteristic 
ions  at  181,  164,  and  84  amu.  These  masses  correspond  to  the 
phospho-lysine  immonium  ion  (80  +  101  =  181  amu),  the  phos- 
pho-lysine  immonium  ion  minus  NH3  (80  +  84  =  164  amu),  and 
the  lysine  immonium  ion  minus  NH3  and  minus  all  vestiges  of 
the  diisopropoxyphosphate  label  (84  amu).  Table  2  lists  these  frag¬ 
ments,  shows  their  structures,  and  indicates  their  intensities  rela¬ 
tive  to  the  most  intense  mass  in  the  spectrum.  Because  only  one 
diisopropoxyphospho  peptide  was  identified,  the  frequency  with 
which  they  appear  in  the  MS/MS  spectra  is  set  at  100%. 

Illustration  of  CID  fragmentation  for  peptides  containing  OP-labeled 
lysine  adducts 

Eigs.  4-7  show  representative  MS/MS  fragmentation  spectra  for 
peptides  containing  OP-labeled  lysine.  There  is  a  spectrum  for  the 
diisopropoxyphosphate  adduct  (Eig.  4),  a  spectrum  for  a  peptide 
carrying  a  single  diethoxyphosphate  adduct  on  lysine  that  yielded 
characteristic  fragments  (Eig.  5),  a  spectrum  for  a  diethoxyphos¬ 
phate  adduct  on  lysine  that  did  not  yield  characteristic  fragments 
(Eig.  6),  and  a  spectrum  for  a  peptide  carrying  a  diethoxyphosphate 
adduct  on  lysine  and  another  diethoxyphosphate  adduct  on  tyro¬ 
sine  that  yielded  fragments  characteristic  of  both  labeled  amino 
acids  (Eig.  7). 

Eig.  4  shows  the  MS/MS  spectrum  of  the  diisopropoxyphos- 
phate-labeled  peptide  LAlCTYETTLEK  from  human  serum  albumin. 
It  is  labeled  on  the  lysine  that  is  three  residues  from  the  N  termi¬ 
nus.  That  this  lysine  was  not  cleaved  during  the  tryptic  digestion 
supports  the  proposal  that  it  is  labeled.  The  parent  ion  is  doubly 
charged  with  an  m/z  of  731.0,  which  includes  the  mass  of  the  ami¬ 
no  acid  sequence  plus  an  added  mass  of  164  amu  for  the 
diisopropoxyphosphate. 

The  spectrum  is  complicated  by  the  facile  loss  of  isopropylene 
(42  amu)  from  the  diisopropoxyphosphate  [31].  This  neutral  loss 
fragmentation  accounts  for  the  doubly  charged  peaks  at  709.8 
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and  688.3  amu,  designated  PI  and  P2,  respectively.  These  are  asso¬ 
ciated  with  the  parent  ion  (at  731.0  amu,  designated  P)  and  are 
consistent  with  the  loss  of  first  one  isopropylene  group  and  then 
both  isopropylene  groups  from  the  diisopropoxyphosphate  adduct 
of  the  parent  ion. 

A  similar  phenomenon  occurs  for  the  b3  ion.  This  ion  appears  in 
four  forms,  designated  b3,  b3a,  b3b,  and  b3c.  The  mass  of  the  b3c 
fragment  (477.6  amu)  is  consistent  with  the  N-terminal  three  ami¬ 
no  acids,  LAK,  plus  the  mass  of  diisopropoxyphosphate.  Fragment 
b3b  is  42  amu  smaller  (at  435.6  amu),  consistent  with  the  loss  of 
one  isopropylene  group.  Fragment  b3a  (at  393.6  amu)  is  smaller 
by  yet  another  42  amu.  Finally,  the  b3  fragment  (at  313.4  amu)  is 
80  amu  smaller  than  b3a,  indicative  of  the  loss  of  the  phospho  moi¬ 
ety.  All  of  the  masses  of  these  b3  fragments  are  consistent  with 
diisopropoxyphosphate  labeling  of  the  lysine  at  position  3. 

The  b  series,  without  any  added  mass,  continues  from  b3  to  b5. 
In  addition,  there  is  a  y  series  that  extends  from  y2  to  y8.  None  of 
the  residues  in  this  series  shows  any  indication  of  being  labeled. 
The  y  series  includes  residues  y7  and  y8,  which  carry  the  two  other 
potentially  reactive  groups,  namely  threonine  and  tyrosine.  The 
fact  that  their  masses  do  not  include  the  adduct  mass  indicates 
that  they  are  not  labeled.  Most  of  the  other  major  peaks  in  the 
spectrum  are  consistent  with  loss  of  water  from  the  sequence  ions 
or  with  characteristic  fragments.  The  forgoing  observations— the 
parent  ion  mass,  the  neutral  losses  from  the  parent  ion,  the  se¬ 
quence  data,  and  the  neutral  loss  from  the  b3  fragment— clearly 
identify  this  peptide  as  being  labeled  by  diisopropoxyphosphate 
on  lysine. 

Having  established  the  identity  of  the  label,  we  can  turn  to  the 
nonsequence  fragments  in  the  CID  spectrum  to  identify  masses 
that  are  characteristic  of  this  particular  label.  Three  such  masses 
appear  in  Fig.  4.  They  are  enclosed  in  boxes  for  emphasis.  The  most 
intense  of  these  masses  is  at  164.0  amu.  It  is  consistent  with  phos- 
pho-lysine  immonium  ion  minus  NH3.  The  phospho-lysine  immo- 
nium  ion  is  also  present  (at  181.2  amu),  as  is  the  lysine  immonium 
ion  at  83.6  amu.  Structures  for  these  compounds  are  given  in  Table 
2. 

Fig.  5  shows  the  MS/MS  spectrum  of  the  diethoxyphosphate-la- 
beled  peptide  STTlCDLLFR  from  mouse  transferrin.  It  is  labeled  on 
the  lysine  that  is  four  residues  from  the  N  terminus.  That  this  ly¬ 
sine  was  not  cleaved  during  the  tryptic  digestion  supports  the  pro¬ 
posal  that  it  is  labeled.  The  parent  ion  is  doubly  charged  with  an  m/ 
z  of  609.0,  which  includes  the  mass  of  the  amino  acid  sequence 
plus  an  added  mass  of  136  amu  for  the  diethoxyphosphate. 

A  y  ion  series  from  yl  to  y7  is  present.  The  delta  mass  for  the 
diethoxyphosphate-lysine  adduct  appears  in  the  sequence  be¬ 
tween  y5  and  y6.  This  delta  mass  is  263.9  amu,  consistent  with 
the  expected  value  for  lysine  (128.0  amu)  plus  diethoxyphosphate 
(136.0  amu).  Unlike  the  diisopropoxyphosphate  adduct,  neutral 
loss  is  not  evident  from  either  the  parent  ion  or  the  sequence  ions. 
This  is  similar  to  our  experience  with  modified  tyrosine  [31].  The 
masses  at  464.8  and  514.8  amu  are  consistent  with  doubly  charged 
forms  ofy6  andy7.  Most  other  significant  masses  could  be  assigned 
as  fragments  due  to  loss  of  ammonia  from  sequence  ions,  to  loss  of 
water  from  the  parent  ion,  to  internal  fragments,  or  to  characteris¬ 
tic  ions.  The  parent  ion  mass  and  the  sequence  data,  including  the 
y5-y6  interval  for  diethoxyphospho-lysine,  clearly  identify  this 
peptide  as  being  labeled  on  lysine  by  diethoxyphosphate. 

Nonsequence  characteristic  fragments  appeared  at  237.5  amu 
(diethoxyphospho-lysine  immonium  ion),  220.4  amu  (diethoxy¬ 
phospho-lysine  immonium  ion  minus  NH3),  209.4  amu  (monoeth- 
oxyphospho-lysine  immonium  ion),  192.3  amu  (monoethoxy- 
phospho-lysine  immonium  ion  minus  NH3),  and  164.2  amu  (phos¬ 
pho-lysine  immonium  ion  minus  NH3).  Although  neutral  loss  of 
ethylene  (28  amu)  from  neither  the  parent  ion  nor  the  sequence 
ions  was  observed,  neutral  loss  from  the  immonium  ion  seems  to 


be  more  facile.  A  similar  observation  was  made  for  diethoxyphos- 
pho-tyrosine  [31].  Structures  of  the  characteristic  ions  are  given  in 
Table  2. 

Fig.  6  shows  the  MS/MS  spectrum  of  the  diethoxyphosphate-la- 
beled  peptide  VAPEEHPTLLTEAPLNPK*ANR  from  bovine  actin.  It  is 
labeled  on  the  lysine  that  is  four  residues  from  the  C  terminus.  That 
this  lysine  was  not  cleaved  during  the  tryptic  digestion  supports 
the  proposal  that  it  is  labeled.  The  parent  ion  is  triply  charged  with 
an  m/z  of  811.9,  which  includes  the  mass  of  the  amino  acid  se¬ 
quence  plus  an  added  mass  of  136  amu  for  the  diethoxyphosphate. 

Ay  ion  series  fromy2  toyl  ^  is  present.  There  is  a  gap  in  the  se¬ 
quence  at  y4,  which  is  the  position  of  the  proposed  lysine  adduct. 
The  delta  mass  for  this  gap  is  too  large  for  simply  the  lysine  adduct. 
However,  it  is  consistent  with  the  interval  between  y3  and  y5 
(361.3  amu),  which  would  include  lysine  plus  diethoxyphosphate 
plus  proline  (128  +  136  +  97  =  361  amu).  This  places  the  diethoxy- 
phospho  adduct  on  either  lysine  or  proline.  Because  proline  is  not  a 
viable  candidate  for  labeling,  it  may  be  concluded  that  the  label  re¬ 
sides  on  lysine.  In  addition  to  the  y  series,  there  are  strong  peaks 
for  the  bl2  and  bl3  fragments,  both  the  singly  charged  forms  (at 
1317.5  and  1388.5  amu)  and  the  doubly  charged  forms  (at  659.2 
and  694.8  m/z).  Most  other  major  peaks  can  be  assigned  to  internal 
fragments. 

The  parent  mass  and  the  sequence  data,  including  the  y3-y5 
interval  for  diethoxyphospho-lysine  and  proline,  clearly  identify 
this  peptide  as  being  labeled  by  diethoxyphosphate  on  lysine. 
However,  there  is  no  evidence  for  characteristic  ions  in  the  MS/ 
MS  spectrum.  This  was  the  only  peptide  of  the  21  CPO-labeled  pep¬ 
tides  we  analyzed  that  did  not  show  any  characteristic  fragments. 

Eig.  7  shows  the  MS/MS  spectrum  of  the  diethoxyphosphate-la- 
beled  peptide  K*Y*VPR  from  bovine  tubulin  beta.  This  peptide  is 
doubly  labeled,  once  on  the  N-terminal  lysine  and  again  on  the 
neighboring  tyrosine.  In  support  of  the  forgoing  statement,  the  par¬ 
ent  ion  mass  is  467.5  m/z  (doubly  charged),  which  includes  the 
mass  of  the  amino  acid  sequence  plus  two  times  the  added  mass 
of  136  amu  for  the  two  diethoxyphosphate  labels.  The  N-terminal 
lysine  and  the  neighboring  tyrosine  are  the  only  reasonable  candi¬ 
dates  for  labeling  in  this  peptide.  Simultaneous  labeling  of  both  ly¬ 
sine  and  tyrosine  occurred  in  four  other  peptides  (Table  1 ):  Y*AK*R, 
LSVDY^GICK,  and  EDLMY^AlCR  (all  three  from  bovine  tubulin  al¬ 
pha)  and  Y^TKICVPQVSTPTLVEVSR  (from  human  serum  albumin). 
Thus,  double  labeling  is  not  an  isolated  phenomenon.  Labeling  of 
two  tyrosines  in  a  single  peptide  was  observed  for  two  peptides 
from  mouse  transferrin  [31]. 

A  complete  y  ion  series  for  KWPR  is  present  in  Pig.  7.  The 
interval  between  y3  andy4  (299.3  amu)  is  consistent  with  a  dieth- 
oxyphosphate-labeled  tyrosine  (163  +  136  =  299  amu).  The  addi¬ 
tion  of  264.0  amu  to  y4  (670.3  amu)  yields  the  singly  charged 
parent  ion  mass  of  934.0  amu.  The  mass  for  diethoxyphosphate-la- 
beled  lysine  is  264.0  amu  (128  +  136  amu).  There  is  a  neutral  loss 
from  y4  of  28  amu  (to  give  the  peak  at  642.2  amu),  most  likely 
due  to  dissociation  of  ethylene  from  the  diethoxyphosphate  adduct 
on  tyrosine.  A  similar  loss  of  28  amu  from  b3  (to  give  the  peak  at 
635.0  amu)  is  more  difficult  to  interpret  given  that  b  ions  readily 
lose  CO  (28  amu)  to  yield  a  ions.  Alternatively,  the  28-amu  loss 
could  again  reflect  loss  of  ethylene.  The  635.0-amu  mass  has  been 
designated  a3  in  Pig.  7. 

Characteristic  ions  for  diethoxyphospho-lysine  appear  at  220.0, 
191.9,  163.9,  and  83.9  amu.  In  addition,  there  is  a  mass  at 
236.9  amu,  which  could  be  interpreted  as  the  diethoxyphospho-ly¬ 
sine  immonium  ion  or  the  al  ion.  There  is  a  significant  peak  at 
244.0  amu,  consistent  with  the  monoethoxyphospho-tyrosine 
immonium  ion  [31].  A  more  commonly  observed  characteristic 
ion  for  CPO-labeled  tyrosine  is  the  diethoxyphospho-tyrosine 
immonium  ion  at  272  amu  [31].  Although  an  intense  peak  exists 
at  271.9  amu,  its  interpretation  is  complicated  by  the  possibility 
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of  a  proline-arginine  internal  fragment  (nominal  mass  =  272  amu). 
Support  for  the  existence  of  the  internal  fragment  is  the  97.7-amu 
mass,  consistent  with  the  N-terminal  proline  expected  from  such 
an  internal  fragment.  At  a  minimum,  the  271.9-amu  mass  is  a  com¬ 
bination  of  the  proline-arginine  internal  fragment  and  the  dieth- 
oxyphospho-tyrosine  immonium  characteristic  ion. 

A  final  complication  in  this  MS/MS  spectrum  is  a  group  of  dou¬ 
bly  charged  fragments  (at  453.5, 41 4.0, 399.6,  and  391.1  m/z)  in  the 
vicinity  of  the  parent  ion.  The  453.5-m/z  fragment  is  28  amu  smal¬ 
ler  than  the  parent  ion,  making  it  tempting  to  assign  453.5  to  a 
neutral  loss  of  ethylene  from  the  parent  ion.  Similarly,  the  399.6- 
m/z  fragment  is  136  amu  smaller  than  the  parent,  making  it  rea¬ 
sonable  to  assign  399.6  to  a  neutral  loss  of  the  entire  diethoxy- 
phosphate  group,  that  is,  HPO(OCH2CH2)2.  However,  a  neutral 
loss  of  this  sort  has  not  been  seen  before  for  either  diethoxyphos- 
pho-tyrosine  or  diethoxyphospho-lysine  adducts.  The  m/z  of  414.0 
is  still  more  confusing.  Being  108  amu  smaller  than  the  parent,  it 
would  appear  to  be  due  to  neutral  loss  of  monoethoxyphosphate 
where  the  second  ethylene  remains  attached  to  the  peptide;  how¬ 
ever,  we  can  conceive  of  no  mechanism  to  accommodate  such  an 
interpretation.  The  391.1  m/z  is  a  simple  loss  of  17  amu  (NH3)  from 
399.6  m/z.  One  might  attribute  these  masses  to  contaminants  or 
some  other  sort  of  artifact  except  that  an  analogous  pattern  of 
peaks  is  seen  in  the  MS/MS  spectrum  of  Y*AK*R  (data  not  shown). 

The  parent  ion  mass,  the  sequence  data  (including  the  y3-y4 
and  y4-parent  ion  intervals),  and  the  characteristic  fragments 
strongly  argue  that  this  peptide  is  doubly  labeled  by  CPO,  carrying 
diethoxyphosphate  groups  on  both  lysine  and  tyrosine. 

Discussion 

Reaction  of  OPs  with  tyrosine  in  a  variety  of  proteins  has  been 
thoroughly  documented  [31].  We  have  now  found  a  comparable 
reaction  between  OPs  and  lysine.  Table  1  lists  22  peptides  from  se¬ 
ven  proteins  that  are  labeled  on  lysine.  Involvement  of  this  many 
different  proteins  strongly  suggests  that  the  reaction  is  common¬ 
place.  Nonetheless,  we  are  aware  of  no  other  reports  of  OPs  react¬ 
ing  with  lysine  on  protein. 

Analysis  of  the  MS/MS  spectra  for  4  of  the  22  peptides  was  pre¬ 
sented.  Comparable  data  exist  for  the  remaining  18  peptides.  These 
data  firmly  establish  the  existence  of  this  reaction.  A  useful  list  of 
ions  that  are  characteristic  of  diethoxyphospho-lysine  and  diiso- 
propoxyphospho-lysine  are  given  in  Table  2.  We  found  the  charac¬ 
teristic  ions  for  diethoxyphospho-lysine  to  be  especially  helpful  in 
finding  unknown  peptides  that  were  labeled. 

Until  recently,  investigations  into  the  reaction  of  OPs  with  bio¬ 
logical  targets  have  been  confined  largely  to  studies  on  serine 
hydrolases  where  the  OPs  react  with  the  active  site  serine 
[2,1 1,12].  Early  work  did  demonstrate  that  OPs  could  react  with  se¬ 
lected  tyrosines  on  some  proteins  [23-26].  These  studies  laid  the 
groundwork  for  the  possibility  that  reaction  of  OPs  with  proteins 
other  than  AChE  could  be  clinically  relevant.  As  a  result  of  in¬ 
creased  interest  in  the  hypothesis  that  there  are  clinically  relevant 
targets  for  OPs  other  than  AChE,  the  reaction  of  OPs  with  tyrosine 
in  proteins  has  been  revisited  [18,20,21,31  ].  The  observation  of  OP- 
reactive  lysine  described  in  the  current  article  enlarges  the  field  of 
targets  that  must  be  considered  when  searching  for  potential  clin¬ 
ically  significant  OP  targets. 
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Organophosphorus  agents  cause  cognitive  deficits  and  depression  in  some  people.  We  hypothesize  that  the 
mechanism  by  which  organophosphorus  agents  cause  these  disorders  is  by  modification  of  proteins  in  the  brain. 
One  such  protein  could  be  tubulin.  Tubulin  polymerizes  to  make  the  microtubules  that  transport  cell  components 
to  nerve  axons.  The  goal  of  the  present  work  was  to  measure  the  effect  of  the  organophosphorus  agent 
chlorpyrifos  oxon  on  tubulin  polymerization.  An  additional  goal  was  to  identify  the  amino  acids  covalently 
modified  by  chlorpyrifos  oxon  in  microtubule  polymers  and  to  compare  them  to  the  amino  acids  modified  in 
unpolymerized  tubulin  dimers.  Purified  bovine  tubulin  (0.1  mM)  was  treated  with  0.005-0.1  mM  chlorpyrifos 
oxon  for  30  min  at  room  temperature  and  then  polymerized  by  addition  of  1  mM  GTP  to  generate  microtubules. 
Microtubules  were  visualized  by  atomic  force  microscopy.  Chlorpyrifos  oxon-modified  residues  were  identified 
by  tandem  ion  trap  electrospray  ionization  and  matrix-assisted  laser  desorption/ ionization  mass  spectrometry  of 
tryptic  peptides.  Nanoimaging  showed  that  low  concentrations  (0.005  and  0.01  mM)  of  chlorpyrifos  oxon  yielded 
short,  thin  microtubules.  A  concentration  of  0.025  mM  stimulated  polymerization,  while  high  concentrations 
(0.05  and  0.1  mM)  caused  aggregation.  Of  the  17  tyrosines  covalently  modified  by  chlorpyrifos  oxon  in 
unpolymerized  tubulin  dimers,  only  2  tyrosines  were  labeled  in  polymerized  microtubules.  The  two  labeled 
tyrosines  in  polymerized  tubulin  were  Tyr  103  in  EDAANNY*R  of  alpha  tubulin,  and  Tyr  281  in  GSQQY*R  of  beta 
tubulin.  In  conclusion,  chlorpyrifos  oxon  binding  to  tubulin  disrupts  tubulin  polymerization.  These  results  may 
lead  to  an  understanding  of  the  neurotoxicity  of  organophosphorus  agents. 

©  2009  Elsevier  Inc.  All  rights  reserved. 


Introduction 

Exposure  to  organophosphorus  pesticides  has  been  linked  to 
memory  loss,  learning  disability,  fatigue,  depression,  and  Parkinson's 
disease  (Abou-Donia,  2003;  Salvi  et  al.,  2003;  Beseler  et  al.,  2006;  Kamel 
et  al.,  2007;  Hancock  et  al.,  2008).  These  symptoms  may  appear  after 
exposures  too  low  to  significantly  inhibit  acetylcholinesterase  (Srivas- 
tava  et  al.,  2000).  A  mechanism  to  explain  the  low  dose  toxicity  of 
organophosphorus  agents  is  needed.  Tubulin  has  been  implicated  in 
neurodegenerative  diseases  (Gendron  and  Petrucelli,  2009)  and  may 
also  have  a  role  in  low  dose  organophosphorus  agent  effects.  Behavioral 
studies  in  rats  treated  with  low  doses  of  chlorpyrifos,  followed  by  a  wash 
out  period  before  testing  cognitive  function  in  a  water-maze  hidden 
platform  task,  revealed  memory  impairment  (Terry  et  al.,  2007).  In  vitro 
tests  of  tubulin  function  in  a  turbidity  assay  showed  that  very  low  doses 
of  chlorpyrifos  oxon  inhibited  tubulin  polymerization  (Prendergast 
et  al.,  2007).  Mice  treated  with  a  biotin  labeled  organophosphorus  agent 
called  FP-biotin  have  FP-biotin  labeled  tubulin  in  the  brain  (Grigoryan 


Abbreviations:  CPO,  chlorpyrifos  oxon;  PEM  buffer,  80  mM  PIPES,  2  mM  magnesium 
chloride  and  0.5  mM  EGTA,  pH  7.0;  MS,  mass  spectrometry:  MALDI  TOE  TOE,  matrix- 
assisted  laser  desorption  ionization  time  of  flight  mass  spectrometry. 
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et  al.,  2009).  In  vitro  studies  with  purified  bovine  brain  tubulin  have 
identified  tyrosine  in  tubulin  as  the  site  of  covalent  attachment  of  FP- 
biotin,  chlorpyrifos  oxon,  soman,  sarin,  and  diisopropylfluorophosphate 
(Grigoryan  et  al.,  2008).  One  tyrosine  is  labeled  rapidly  in  bovine  tubulin, 
while  an  additional  16  tyrosines  can  be  labeled  at  least  partially  with  a 
40-fold  molar  excess  of  chlorpyrifos  oxon  in  a  24  h  reaction  at  37  °C 
(Grigoryan  et  al.,  2009). 

In  the  present  study  we  tested  the  ability  of  tubulin  to  polymerize 
into  microtubules  after  tubulin  dimers  had  been  treated  with  various 
concentrations  of  chlorpyrifos  oxon.  Microtubules  are  part  of  the 
cytoskeletal  system  that  maintains  the  morphology  of  neurons  inclu¬ 
ding  axonal  and  dendritic  processes  (Gendron  and  Petrucelli,  2009). 
Microtubules  serve  as  highways  for  transport  of  mitochondria,  synaptic 
vesicles,  components  of  ion  channels,  receptors,  and  scaffolding  proteins 
to  and  from  synaptic  sites.  Synapses  are  highly  vulnerable  to  impair¬ 
ments  in  transport.  Perturbations  to  microtubule  transport  could  cause 
malfunctions  in  neurotransmission  and  signal  propagation  and  lead  to 
synaptic  degradation  (Gendron  and  Petrucelli,  2009).  Drugs  that  inhi¬ 
bit  tubulin  polymerization,  for  example  colchicine,  trigger  apoptosis 
(Yeste-Velasco  et  al.,  2008).  Thus,  the  ability  of  tubulin  to  polymerize  is 
very  important  for  the  life  of  a  cell.  We  tested  the  hypothesis  that 
modification  of  tubulin  by  chlorpyrifos  oxon  would  affect  tubulin 
polymerization.  Tubulin  polymers  were  visualized  by  atomic  force 
microscopy.  It  was  found  that  substoichiometric  concentrations  of 
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chlorpyrifos  oxon  yielded  short,  thin  microtubules.  In  contrast,  stoi¬ 
chiometric  concentrations  of  chlorpyrifos  oxon  resulted  in  clumping  of 
tubulin.  The  nanoimaging  study  leads  to  the  conclusion  that  chlorpyrifos 
oxon  disrupts  tubulin  polymerization. 

Materials  and  methods 

Materials.  Bovine  brain  tubulin  (TL238)  >99%  pure,  purchased  from 
Cytoskeleton,  Inc  (Denver,  CO),  contains  dimers  of  alpha  beta  tubulin. 
Chlorpyrifos  oxon  (MET-674B,  Chem.  Service  Inc.,  West  Chester,  PA) 
was  diluted  into  dimethylsulfoxide  and  stored  at  —  80  °C.  Guanosine 
5'-triphosphate  sodium  salt  hydrate  (GTP,  G8877)  >95%  HPLC  pure 
powder;  1,4-piperazinediethanesulfonic  acid  (PIPES,  P6757)  >99% 
pure  powder;  and  colchicine  (C9754)  >95%  HPLC  pure  powder  were 
from  Sigma  (St  Louise,  MO).  Sequencing  grade  modified  porcine 
trypsin  (V5113)  was  from  Promega  (Madison,  Wl).  Slide-A-Lyzer  7K 
dialysis  cassettes  (No.  66370)  were  from  Pierce  Biotechnology  Inc. 
(Rockford,  IL).  Alpha-cyano-4-hydroxycinnamic  acid,  and  Cal  Mix  5 
were  from  Applied  Biosystems  (MDS  Sciex,  Poster  City,  CA).  All  other 
chemicals  were  of  analytical  grade. 

Tubulin  polymerization  for  nanoimaging.  Tubulin  was  treated  with 
chlorpyrifos  oxon  for  30  min  before  it  was  polymerized.  Each  tube 
contained  0.05  ml  of  5  mg/ ml  tubulin  (0.1  mM)  in  PPM  buffer  (80  mM 
PIPES,  2  mM  magnesium  chloride  and  0.5  mM  EGTA,  pH  7.0)  and 
0, 0.005, 0.01, 0.025, 0.05,  or  0.1  mM  chlorpyrifos  oxon.  After  30  min  at 
room  temperature,  samples  were  stored  on  ice  for  a  brief  period  while 
GTP  was  added.  Tubulin  polymerization  was  initiated  by  addition  of 
GTP  to  a  concentration  of  1  mM  and  continued  for  2  h  at  37  °C. 
Samples  were  turbid  after  2  h,  confirming  that  tubulin  had 
polymerized.  A  control  to  show  the  effect  of  inhibition  of  tubulin 
polymerization  was  tubulin  incubated  with  0.025  mM  colchicine  and 
1  mM  GTP  (Skoufias  and  Wilson,  1992).  A  control  to  show  the 
background  from  unpolymerized  tubulin  was  tubulin  in  PPM  buffer 
without  GTP. 

Nanoimages  of  microtubules.  Samples  for  atomic  force  microscopy 
were  fixed  with  0.25%  glutaraldehyde  and  diluted  10-fold  before 
deposition  of  5-7  jul  onto  freshly  cleaved  mica.  The  freshly  cleaved 
mica  had  been  treated  with  a  0.167  mM  aqueous  solution  of  l-(3- 
aminopropyl)  silatrane.  This  chemical  treatment  of  the  mica  surface 
allows  the  sample  to  be  deposited  in  a  wide  range  of  ionic  strengths  and 
pH.  The  negatively  charged  microtubules  do  not  adsorb  to  untreated 
mica  because  untreated  mica  is  negatively  charged.  After  2  min  the 
samples  were  thoroughly  rinsed  with  deionized  water  (Labconco  Co., 
Kansas  City,  MO)  and  dried  under  argon  gas  flow.  Images  were  acquired 
in  air  using  a  MPP-3D  APM  microscope  (Asylum  Research,  Santa  Barbara, 
CA)  operated  in  tapping  mode.  Pictures  were  acquired  on  average  from  7 
different  20x20  pm  areas.  Image  processing  and  microtubule 
characterization  were  performed  using  Pemtoscan  software  (Advanced 
Technology  Center,  Moscow,  Russia)  (Lushnikov  et  al.,  2006). 

Mass  spectrometry  to  identify  sites  modified  by  chlorpyrifos  oxon. 
Bovine  brain  tubulin  (0.5  mg/ ml)  in  PPM  buffer  pH  7.0  containing  1  mM 
GTP  and  20%  glycerol  was  polymerized  in  an  Eppendorf  Thermomixer  R 
thermoblock  (Westbury,  NY)  for  3  h  at  37  °C.  After  3  hours  the  sample 
was  turbid,  an  indication  that  the  tubules  had  polymerized.  Chlorpyrifos 
oxon  was  added  to  a  final  concentration  of  0.5  mM  and  incubation  was 
continued  at  37  °C  for  24  h.  Two  control  samples  were  1 )  tubulin  treated 
with  chlorpyrifos  oxon  while  the  tubulin  was  an  unpolymerized  dimer, 
and  2)  tubulin  not  treated  with  chlorpyrifos  oxon.  Protein  was 
denatured  by  boiling  in  a  water  bath  for  10  min.  Excess  chlorpyrifos 
oxon  was  removed  by  dialysis  against  4  1  of  10  mM  ammonium 
bicarbonate  (pH  8.3)  at  4  °C  overnight.  Tubulin  (250  pg)  was  digested 
with  2.5  pg  of  Promega  trypsin  at  37  °C  overnight.  One  microliter  of  tryp¬ 
tic  digest  was  spotted  on  a  384  well  Opti-TOP  sample  plate  (#  1016491, 


Applied  Biosystems,  Poster  City,  CA),  air  dried  and  overlaid  with  1  pi  of 
10  mg/ ml  alpha-cyano-4-hydroxycinnamic  acid  dissolved  in  50% 
acetonitrile,  0.1%  trifluoroacetic  acid.  Mass  spectra  were  acquired  in 
positive  ion  reflector  mode  on  a  MALDl  TOP  TOP  4800  mass  spec¬ 
trometer  (Applied  Biosystems).  The  final  spectrum  was  the  average  of 
500  laser  shots.  The  mass  spectrometer  was  calibrated  before  each  use 
with  CalMix  5  (Applied  Biosystems). 

Tryptic  digests  were  also  analyzed  by  LCMSMS  in  a  QTRAP  2000 
tandem  ion  trap  electrospray  mass  spectrometer  (Applied  Biosys¬ 
tems)  as  previously  described  (Lockridge  et  al.,  2008). 

Statistical  analysis  of  microtubule  parameters.  The  width  of  untreated 
and  chlorpyrifos  oxon  treated  microfibrils  was  measured  using 
Pemtoscan  software  (Advanced  Technology  Center,  Moscow,  Russia) 
(Lushnikov  et  al.,  2006).  On  average  15-70  different  fibrils  from  each 
sample  were  analyzed  from  at  least  4-5  different  areas.  A  one-way 
AN OVA  was  performed  to  determine  statistical  significance  between  the 
chlorpyrifos  oxon  treated  groups  compared  to  the  control  group.  SPSS 
software  (Microsoft  Corp.)  was  used  for  this  analysis. 

Results 

Concentration  dependent  effect  of  chlorpyrifos  oxon  on  tubulin 
polymerization 

The  effect  of  chlorpyrifos  oxon  on  tubulin  polymerization  was 
evaluated  by  acquiring  nanoimages  of  microtubules  formed  in  the 
absence  and  in  the  presence  of  chlorpyrifos  oxon.  Pive  different  con¬ 
centrations  of  chlorpyrifos  oxon  were  used.  In  addition,  images  were 
collected  of  unpolymerized  tubulin  and  of  tubules  whose  polymeriza¬ 
tion  was  inhibited  by  0.025  mM  colchicine.  The  results  are  illustrated  at 
different  magnifications  in  Pig.  1  (20x20  jum)  and  Pig.  2  (2x2  jam). 

Pig.  lA  shows  unpolymerized  tubulin,  prepared  in  the  absence  of 
GTP.  The  background  is  full  of  small  particles. 

Pig.  IB  shows  microtubules  polymerized  in  the  presence  of  1  mM 
GTP  without  chlorpyrifos  oxon.  These  microtubules  are  straight,  well 
structured,  and  individually  separated.  They  appear  uniform  in  width 
and  are  long  (average  length  10.4  ±  1  pm).  The  background  has  fewer 
small  particles  than  Pig.  lA.  The  average  number  of  microtubules  in  a 
20  X  20  pm  area  was  60.7  ±  6.  See  Table  1. 

Pig.  1C  shows  the  effect  of  pretreatment  of  0.1  mM  tubulin  with 
0.005  mM  chlorpyrifos  oxon.  There  is  a  drastic  reduction  in  the  number 
of  microtubules,  and  in  their  length  (average  length  4.3  ±0.4  jum). 
The  average  number  of  tubules  in  a  20x20  jum  area  was  8.3  ±0.8, 
indicating  that  0.005  mM  chlorpyrifos  oxon  inhibited  tubulin  poly¬ 
merization  7.3-fold. 

Pig.  1 D  shows  the  effect  of  pretreatment  of  0.1  mM  tubulin  with 
0.010  mM  chlorpyrifos  oxon.  Microtubule  density  and  length  are 
reduced  compared  to  Pig.  IB  where  tubulin  had  not  been  treated  with 
chlorpyrifos  oxon.  However,  there  are  more  microtubules  than  were 
found  after  treatment  with  0.005  mM  chlorpyrifos  oxon,  and  they  are 
longer  (average  length  6  ±  0.6  pm).  The  average  number  of  tubules  in 
a  20  X  20  jam  area  was  49.6  ±  5  indicating  0.010  mM  chlorpyrifos  oxon 
inhibited  polymerization  only  1.2-fold. 

Pig.  IE  shows  that  pretreatment  with  0.025  mM  chlorpyrifos  oxon 
stimulates  microtubule  polymerization.  The  density  of  microtubules  is 
2-fold  greater  than  in  Pig.  IB,  with  an  average  of  135  tubules  in  a 
20x20  jum  area.  Microtubules  were  not  well  separated,  they  were 
clustered,  and  they  were  longer  than  those  formed  in  the  absence  of 
chlorpyrifos  oxon,  on  average  being  longer  than  20  jum. 

Pig.  IP  shows  that  pretreatment  with  0.050  mM  chlorpyrifos  oxon 
causes  microtubules  to  clump.  The  structures  also  seem  to  be  more 
fragile,  with  the  blurred  images  likely  being  the  result  of  deformation 
induced  by  the  atomic  force  microscope  probe. 

Pig.  IG  shows  that  pretreatment  of  0.1  mM  tubulin  with  0.1  mM 
chlorpyrifos  oxon  causes  further  degradation  of  the  microtubules. 
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Fig.  1.  Effect  of  chlorpyrifos  oxon  on  tubulin  polymerization  visualized  by  atomic  force  microscopy.  (A)  0.1  mM  bovine  tubulin  in  PEM  buffer,  no  GTP;  (B)  0.1  mM  tubulin  polymerized 
with  1  mM  GTP,  no  chlorpyrifos  oxon;  (C)  0.1  mM  tubulin  pretreated  with  0.005  mM  chlorpyrifos  oxon  before  polymerization  with  GTP;  (D)  pretreated  with  0.010  mM  chlorpyrifos 
oxon  before  polymerization;  (E)  pretreated  with  0.025  mM  chlorpyrifos  oxon  before  polymerization;  (E)  pretreated  with  0.050  mM  chlorpyrifos  oxon  before  polymerization;  (G) 
0.1  mM  tubulin  pretreated  with  0.1  mM  chlorpyrifos  oxon  before  polymerization;  (H)  polymerized  in  the  presence  of  0.025  mM  colchicine.  The  dimensions  of  each  panel  are 
20  X  20  pm.  Images  are  presented  in  height  trace  mode. 


Fig.  IH  shows  a  nearly  blank  background  for  microtubules  poly¬ 
merized  in  the  presence  of  0.025  mM  colchicine.  Colchicine  is  a  potent 
inhibitor  of  tubulin  polymerization  (Skoufias  and  Wilson,  1992). 

Fig.  2  shows  images  comparable  to  those  in  Fig.  1,  after  10-fold 
magnification.  Such  magnification  provides  better  images  for  analysis 


of  detailed  structural  differences,  including  measurement  of  width.  It 
is  tempting  to  propose  that  the  globules  in  Fig.  2A  are  tubulin  dimers. 
This  interpretation  is  based  on  the  similarity  of  the  size  of  these 
particles  to  those  in  Fig.  2H,  where  polymerization  has  been  precluded 
by  the  presence  of  colchicine. 


Fig.  2.  Ten  times  magnified  view  of  polymerized  tubulin.  Samples  are  the  same  as  in  Fig.  1.  A)  no  GTP,  no  chlorpyrifos  oxon;  (B)  control  with  GTP,  no  chlorpyrifos  oxon;  (C)  0.005  mM 
chlorpyrifos  oxon;  (D)  0.010  mM  chlorpyrifos  oxon;  (E)  0.025  mM  chlorpyrifos  oxon;  (F)  0.050  mM  chlorpyrifos  oxon;  (G)  0.100  mM  chlorpyrifos  oxon;  (H)  0.025  mM  colchicine.  The 
dimensions  of  each  panel  are  2  x  2  pm.  Images  are  presented  in  phase  trace  mode. 
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Table  1 

Microtubule  length,  density,  and  width  as  a  function  of  chlorpyrifos  oxon  (CPO) 
concentration  during  polymerization  of  0.1  mM  bovine  tubulin. 


A  one-way  ANOVA  on  the  width  of  fibrils  at  each  concentration  of  chlorpyrifos  oxon 
demonstrated  statistically  significant  differences  p  =  0.04  for  the  0.01  mM  treated 
group  and  p  =  0.002  for  the  0.025  mM  group  compared  to  control. 

The  control  microtubules  in  Fig.  2B  show  an  average  width  of 
84.2  ±20  nm.  The  average  width  of  microtubules  prepared  from 
tubules  pretreated  with  0.005  mM  chlorpyrifos  oxon  was  75.2  ±  7  nm 
(Fig.  2C),  and  those  pretreated  with  0.010  mM  chlorpyrifos  oxon  was 
72.1  ±  8  nm  (Fig.  2D).  Pretreatment  of  0.1  mM  tubulin  with  0.025  mM 
chlorpyrifos  oxon  resulted  in  abnormal  polymerization  (Fig.  2E)  and  a 
further  reduction  in  the  average  width  to  65.1  ±  4.9  nm.  Thus  pre¬ 
treatment  of  tubulin  with  chlorpyrifos  oxon  reduced  the  width  of 
microtubules  compared  to  that  for  control  microtubules. 

The  picture  dramatically  changed  when  0.1  mM  tubulin  was  incu¬ 
bated  with  0.05  and  0.10  mM  chlorpyrifos  oxon  (Figs.  2F  and  G).  Under 
those  conditions,  the  most  prominent  structures  are  large  aggregates.  In 
addition  there  are  finely  elongated  shapes  that  suggest  that  narrow 
microtubules  may  have  been  formed,  but  then  have  been  degraded 
during  sample  preparation.  In  Fig.  2G  the  tubules  are  fragmented.  The 
widths  of  clumps  and  fragments  of  tubules  were  not  measured. 

No  microtubules  are  present  in  Fig.  2H  for  the  sample  treated  with 
0.025  mM  colchicine.  Only  small  aggregates  and  particles  are  present. 
The  nanoimages  confirm  that  colchicine  is  a  potent  inhibitor  of  tubulin 
polymerization. 

Figs.  1  and  2  define  a  triphasic  process  which  implies  the  binding  of 
at  least  three  molecules  of  chlorpyrifos  oxon  to  tubulin.  The  initial 
binding  results  in  a  decrease  in  polymerization,  the  second  binding 
causes  an  increase,  and  the  third  results  in  destruction  of  the  micro¬ 
tubules.  We  have  previously  demonstrated  that  as  many  as  17  tubulin 
tyrosines  can  be  labeled  by  chlorpyrifos  oxon. 

Sites  in  polymerized  microtubules  modified  by  chlorpyrifos  oxon 

The  above  nanoimaging  study  showed  that  chlorpyrifos  oxon 
binding  to  tubulin  interfered  with  tubulin  polymerization.  In  a  previous 


work  we  had  identified  17  tyrosines  in  the  unpolymerized  tubulin 
ap>-dimer  that  are  covalently  modified  by  treatment  with  a  40-fold 
molar  excess  of  chlorpyrifos  oxon  (Grigoryan  et  al.,  2008,  2009).  Those 
labeled  sites  are  listed  in  Table  2.  In  the  present  study  we  tested  the 
hypothesis  that  some  of  these  chlorpyrifos  oxon  binding  sites  would  be 
blocked  in  polymerized  tubulin  and  therefore  would  be  unavailable  for 
reaction  with  chlorpyrifos  oxon. 

The  polymerized  microtubules  were  incubated  with  0.5  mM 
chlorpyrifos  oxon  at  37  °C  for  24  h.  To  show  the  difference  in  site 
availability,  tubulin  that  had  not  been  polymerized  was  also  treated 
with  0.5  mM  chlorpyrifos  oxon.  Another  control  was  tubulin  not 
treated  with  chlorpyrifos  oxon  and  not  polymerized. 

Covalent  binding  of  chlorpyrifos  oxon  to  tubulin  was  determined  in 
two  ways.  First,  the  masses  of  tryptic  peptides  from  the  tubulin 
chlorpyrifos  oxon  reaction  mixture  were  compared  to  masses  of 
tryptic  peptides  from  unreacted  tubulin  using  the  MALDI  TOF  TOF 
4800  mass  spectrometer.  Labeled  peptides  gained  136  amu  following 
reaction  with  chlorpyrifos  oxon  due  to  formation  of  a  diethoxypho- 
sphate  adduct.  MALDI  analysis  was  performed  to  obtain  an  estimate  of 
the  extent  of  labeling.  The  relative  intensities  of  the  labeled  and 
unlabeled  peptides  were  taken  as  a  measure  of  the  extent  of  labeling. 
This  estimate  assumes  that  the  diethoxyphosphate  label  did  not 
significantly  affect  the  ionization  properties  of  the  peptide.  Second, 
the  labeled  peptides  were  isolated  and  fragmented  in  the  QTRAP  2000 
mass  spectrometer  after  online  liquid  chromatography  separation.  We 
have  found  that  such  LCMSMS  analysis  with  the  QTRAP  mass 
spectrometer  revealed  more  labeled  peptides  than  the  MALDI,  and 
that  the  fragmentation  spectra  were  more  readily  analyzed.  Fragmen¬ 
tation  spectra  were  manually  analyzed  to  confirm  the  sequence  of  the 
peptide  and  to  identify  the  labeled  amino  acid. 

An  example  of  the  MALDI  TOF  TOF  analysis  is  given  in  Fig.  3.  Fig.  3A 
shows  the  MALDI  mass  spectrum  of  tubulin  that  has  not  been  treated 
with  chlorpyrifos  oxon.  The  peak  at  1023.5  amu  is  consistent  with 
the  unlabeled  peptide  EDAANNYAR  of  alpha  tubulin.  The  peak  at 
1039.6  amu  is  consistent  with  the  unlabeled  YLTVAAVER  from  beta 
tubulin.  Eig.  3B  shows  the  MALDI  mass  spectrum  of  tubulin  treated 
with  chlorpyrifos  oxon,  but  not  polymerized.  The  unlabeled  peaks  at 
1023.5  and  1039.6  amu  are  present,  but  in  addition  two  new  peaks 
have  appeared.  The  new  peaks  at  1059.6  and  1075.6  amu  correspond 
to  chlorpyrifos  oxon  labeled  EDAANNY*AR  and  Y*LTVAAVER  peptides. 
The  added  mass  of  ±  136  amu  from  chlorpyrifos  oxon  was  shown  to  be 
on  the  tyrosine  (Y*),  indicated  by  an  asterisk,  by  subsequent  fragmen¬ 
tation  in  the  QTRAP  mass  spectrometer.  Comparison  of  the  relative 
peak  heights  for  the  labeled  and  unlabeled  peptides  suggests  that  30% 


Table  2 

Chlorpyrifos  oxon-iabeied  tryptic  peptides  from  bovine  aiphal  and  beta2  tubulin  identified  by  mass  spectrometry. 


Tubulin  chain 

Peptide 

CPO  labeled  tyrosine 
in  tubulin  dimer 

CPO  labeled  tyrosine  in 
polymerized  microtubules 

Contact  type  in 
crystal  structure 

Alpha 

TGTY*R 

83 

EDAANNY*AR 

103 

103 

GHY*T1GK 

108 

LSVDY*GK 

161 

Lateral 

NLD1ERPTY*TNLNR 

224 

Longitudinal  GTP  binding 

EDGALNVDLTEEQTNLVPY*PR 

262 

Longitudinal 

1HFPLATY*APV1SAEK 

272 

VG1NY*Q.PPTVVPGGDLAK 

357 

FDLMY*AK 

399 

Longitudinal 

Beta 

1NVY*YNEATGGK 

50 

Lateral 

1NVYY*NEATGGK 

51 

Lateral 

Y*VPR 

59 

GHY*TEGAELVDSVLDVVR 

106 

EEY*PDR 

159 

Lateral 

GSQ.QY*R 

281 

281 

Lateral 

Y*LTVAAVFR 

310 

NSSY*FVEW1PNNVK 

340 

Numbering  of  the  organophosphoiylated  residues  corresponds  to  accession  numbers  gi  15988311  for  alpha  and  gi  15988312  for  beta  tubulin.  The  crystal  structure  of  the  bovine  tubulin 
heterodimer  (Protein  Data  Bank  code  Ijff)  identifies  residues  involved  in  contacts  in  the  microtubule  (Nogales  et  al.,  1999).  Chlorpyrifos  oxon  (CPO)  labeled  residues  in  the  tubulin  dimer 
were  identified  by  mass  spectrometry  in  previous  publications  (Grigoryan  et  al.,  2008,  in  press),  while  those  in  polymerized  microtubules  are  reported  in  the  present  work. 
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Fig.  3.  MS  spectra  showing  chiorpyrifos  oxon-iabeied  and  uniabeied  tubulin  tryptic 
peptides.  (A)  Control  tubulin  dimer  without  chiorpyrifos  oxon  (CPO);  (B)  tubulin  dimer 
treated  with  0.5  mM  CPO;  (C)  polymerized  microtubules  treated  with  0.5  mM  CPO. 
Peaks  at  1023.5  and  1039.6  amu  correspond  to  unlabeled  EDAANNYAR  and  YLTVAAVFR 
peptides  from  alpha  and  beta  tubulin,  respectively.  Peaks  at  1059.6  and  1075.6  amu 
correspond  to  CPO  labeled  (-M36  amu  added  mass  from  CPO)  EDAANNY*AR 
and  Y*LTVAAVER  peptides.  The  labeled  peak  at  1059.5  amu  is  present  in  panels  B  and 
C.  The  labeled  peak  at  1075.6  amu  is  present  only  in  panel  B.  The  letter  X  in  panels  A  and 
C  indicates  absent  peaks. 


of  peptide  EDAANNYAR  and  15%  of  peptide  YLTVAAVFR  were  labeled. 
Fig.  3C  shows  the  MS  spectrum  of  microtubules  that  had  been  treated 
with  chiorpyrifos  oxon  after  the  tubulin  had  polymerized.  The 
unlabeled  peaks  at  1023.5  and  1039.6  amu  are  present  in  Fig.  3C. 
One  labeled  peak,  at  1059.6  amu  is  present,  but  there  is  no  peak  at 
1075.6  amu.  This  shows  that  tyrosine  103  in  peptide  EDAANNY*AR 
was  labeled  in  polymerized  microtubules,  but  that  tyrosine  310  in 
peptide  YLTVAAVFR  was  not.  The  relative  peak  heights  of  the 
unlabeled  and  labeled  EDAANNY*AR  are  similar,  suggesting  that  50% 
of  peptide  EDAANNYAR  was  labeled. 

The  identity  of  the  labeled  residue  was  determined  from  tandem 
MSMS  spectra  acquired  in  the  QTRAP  2000  mass  spectrometer. 
Peptides  were  partially  separated  by  liquid  chromatography  on  a 
CIS  reverse  phase  column  before  being  electrosprayed  into  the  mass 
spectrometer.  This  method  confirmed  the  list  of  17  labeled  peptides 
given  in  Table  2  for  tubulin  treated  with  chiorpyrifos  oxon  before 
polymerization  (Grigoryan  et  al.,  2008, 2009).  Only  2  labeled  peptides 
were  identified  when  polymerized  tubulin  was  treated  with  chiorpyr¬ 
ifos  oxon.  The  first,  EDAANNY*AR,  was  described  above  in  the  section 
on  MALDI  analysis.  The  second  was  GSQQY*R  where  tyrosine  281  had 
an  added  mass  of  -hl36  (Table  2).  MSMS  spectra  for  each  labeled 
residue  can  be  found  in  previous  publications  (Grigoryan  et  al.,  2008, 
2009). 

Table  2  indicates  residues  involved  in  contacts  between  protofila¬ 
ments  in  the  crystal  structure  (Nogales  et  al.,  1999).  Eight  of  the 
chiorpyrifos  oxon  labeled  tyrosines  are  involved  in  contacts,  sugges¬ 
ting  that  modification  of  these  tyrosines  alters  the  conformation  of 
tubulin  dimers  and  therefore  accounts  for  the  abnormal  polymer 
structures  observed  in  Fig.  1.  Only  2  of  the  17  tyrosines  were  available 
for  covalent  binding  by  chiorpyrifos  oxon  when  polymerized  micro¬ 
tubules  were  treated  with  chiorpyrifos  oxon,  suggesting  that  the  other 
15  tyrosines  were  buried  in  the  polymer  structure  and  therefore  in¬ 
volved  in  microtubule  contacts. 


Discussion 

Nanoimaging  to  measure  effect  of  organophosphorus  agents  on 
tubulin  polymerization 

The  classical  way  to  measure  tubulin  polymerization  is  by  increase 
in  turbidity.  This  method  was  not  satisfactory  for  measurement  of  the 
effect  of  chiorpyrifos  oxon  because  all  concentrations  of  chiorpyrifos 
oxon  showed  similar  increases  in  turbidity.  A  lack  of  concentration- 
dependence  has  been  reported  by  others  (Prendergast  et  al.,  2007). 
However,  nanoimaging  revealed  pronounced  concentration-dependent 
effects  of  chiorpyrifos  oxon  on  tubulin  polymerization.  This  is  the  first 
report  to  use  atomic  force  microscopy  to  measure  the  effect  of  an 
organophosphorus  agent  on  tubulin  polymerization. 

Thin,  short  microtubules 

Microtubules  grow  by  elongation  of  open  sheets  that  later  close 
into  a  cylinder.  Lateral  interactions  between  adjacent  protofilaments 
govern  the  stability  of  microtubules.  The  finding  of  thin  microtubules 
in  chiorpyrifos  oxon  treated  samples  suggests  that  protofilaments 
were  lost.  A  normal  microtubule  contains  13  protofilaments,  but  the 
thin  microtubules  probably  contain  fewer.  This  explanation  was 
offered  for  the  thin  microtubules  observed  in  mice  deficient  in  crys- 
tallin  chaperones  (Xi  et  al.,  2006),  and  seems  applicable  to  the  thin 
microtubules  observed  in  our  study. 

The  width  of  wild-type  mouse  microtubules  measured  by  electron 
microscopy  is  27  ±3  nm  (Xi  et  al.,  2006)  and  the  width  of  bovine 
microtubules  measured  in  fluid  tapping  mode  atomic  force  micro¬ 
scopy  is  also  27  ±  3  nm  (Wagner  et  al.,  2004).  In  contrast,  the  width  of 
wild-type  bovine  microtubules  measured  by  atomic  force  microscopy 
of  dried  samples  in  our  experiments  was  84  nm.  The  width  of  porcine 
microtubules  measured  by  scanning  force  microscopy  was  70-100  nm 
(Vater  et  al.,  1995),  similar  to  the  values  we  obtained.  The  larger 
widths  of  microtubules  in  the  latter  experiments  are  explained  by 
collapse  and  flattening  of  the  hollow  tube  structure  during  drying  of 
the  sample. 

Abnormally  short  microtubules,  such  as  those  observed  after 
treatment  with  0.005  or  0.01  mM  chiorpyrifos  oxon,  suggest  that 
these  chiorpyrifos  oxon-modified  microtubules  may  be  fragile  and 
break  along  their  length.  Alternatively,  adducts  formed  with  chiorpyr¬ 
ifos  oxon  may  partially  block  polymerization.  At  0.01  mM  chiorpyrifos 
oxon,  the  only  tyrosine  found  to  be  significantly  labeled  was  Tyr  83,  in 
the  alpha  tubulin  peptide  TGTY*R.  About  12%  of  Tyr  83  was  covalently 
modified  (Grigoryan  et  al.,  2009).  Tyrosine  83  is  not  known  to  be 
involved  in  lateral  or  longitudinal  contacts  in  the  crystal  structure 
(Nogales  et  al.,  1999),  but  it  did  not  appear  to  be  labeled  in  micro¬ 
tubules.  This  observation  suggests  that  its  accessibility  is  changed 
upon  polymerization  and  that  labeling  this  residue  might  alter  the 
capacity  of  tubulin  to  change  shape  during  polymerization,  thereby 
inhibiting  polymerization.  Alternatively,  since  excess  chiorpyrifos 
oxon  was  not  removed  before  polymerization,  the  possibility  cannot 
be  ruled  out  that  the  short  microtubules  that  are  generated  upon 
treatment  with  0.005  and  0.01  mM  chiorpyrifos  oxon  are  due  to 
noncovalent  binding  of  chiorpyrifos  oxon  to  tubulin.  Excess  chiorpyr¬ 
ifos  oxon  was  not  removed  prior  to  polymerization  because  dialyzed 
tubulin  did  not  polymerize. 

Stimulation  of  polymerization 

Pretreatment  of  0.1  mM  tubulin  with  0.025  mM  chiorpyrifos  oxon, 
yielded  a  higher  than  normal  number  of  microtubules.  This  is  opposite 
to  the  effect  seen  at  lower  concentrations  of  chiorpyrifos  oxon.  We 
speculate  that  the  additional  sites  bound  by  chiorpyrifos  oxon  at  the 
higher  concentration  had  a  stabilizing  effect  on  microtubule  structure, 
similar  to  that  of  taxol  (Derry  et  al.,  1995). 
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Aggregation 

When  0.1  mM  tubulin  was  pretreated  with  0.05  and  0.1  mM 
chlorpyrifos  oxon,  the  microtubules  clumped  into  aggregates.  At  these 
concentrations  of  chlorpyrifos  oxon,  alpha  tubulin  is  covalently  modi¬ 
fied  on  about  40%  of  Tyr  83,  7%  of  Tyr  224,  and  5%  of  Tyr  272,  while  beta 
tubulin  is  covalently  modified  on  10%  of  Tyr  59,  2%  of  Tyr  106,  and  20% 
of  Tyr  281  (Grigoryan  et  al.,  2009).  Some  of  these  residues  are  involved 
in  contacts  between  protofilaments  and  in  GTP  binding  (Table  1), 
suggesting  that  their  modification  resulted  in  structurally  altered  poly¬ 
mers.  The  nanoimages  suggest  that  binding  of  chlorpyrifos  oxon  desta¬ 
bilized  the  structure  of  the  tubules. 

These  high  concentrations  of  chlorpyrifos  oxon  are  not  going  to  be 
found  in  living  mammalian  species.  High  concentrations  are  mainly 
useful  for  finding  labeled  peptides  in  the  mass  spectrometer. 

Defective  tubulin  assembly  in  neuro degenerative  diseases 

Disruption  of  microtubule  polymerization  in  neuronal  axons  has 
been  implicated  as  a  mechanism  leading  to  neurodegenerative  diseases 
(Gendron  and  Petrucelli,  2009).  Alzheimer  disease  brains  have  de¬ 
fective  microtubule  assembly  (Iqbal  et  al.,  1986).  We  hypothesize  that 
the  neurotoxicity  of  organophosphorus  agents  may  be  linked  to  disrup¬ 
tion  in  microtubule  function. 

Modification  of  microtubule  associated  proteins 

Covalent  binding  of  organophosphorus  agents  to  tyrosine  in  a  variety 
of  proteins  has  been  found  (Grigoryan  et  al.,  2009).  Therefore  reaction  of 
chlorpyrifos  oxon  with  other  proteins  involved  in  tubulin  polyme¬ 
rization  may  also  occur.  Prendergast  et  al.  have  shown  that  chlorpyrifos 
oxon  treatment  of  rat  brain  slices  causes  a  marked  decrease  in  the 
concentration  of  microtubule  associated  protein-2  and  results  in  neuron 
injury  (Prendergast  et  al.,  2007).  Since  this  protein  promotes  tubulin 
polymerization,  it  is  reasonable  to  propose  that  microtubule  associated 
protein-2,  as  well  as  other  microtubule  associated  proteins  such  as 
kinesin  (Gearhart  et  al.,  2007)  may  be  modified  by  chlorpyrifos  oxon. 
Thus,  disruption  of  microtubule  function  may  involve  chlorpyrifos  oxon 
modification  of  several  proteins  including  tubulin  and  proteins 
associated  with  microtubules. 
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Acute  toxicity  of  organophosphorus  poisons  (OP)  is  explained  by  inhibition  of  acetylcholinesterase  in  nerve 
synapses.  Low-dose  effects  are  hypothesized  to  result  from  modification  of  other  proteins,  whose  identity  is 
not  yet  established.  The  goal  of  the  present  work  was  to  obtain  information  that  would  make  it  possible  to 
identify  tubulin  as  a  target  of  OP  exposure.  Tubulin  was  selected  for  study  because  live  mice  injected  with  a 
nontoxic  dose  of  a  biotinylated  organophosphorus  agent  appeared  to  have  OP-labeled  tubulin  in  brain  as 
determined  by  binding  to  avidin  beads  and  mass  spectrometry.  The  experiments  with  live  mice  were  not 
conclusive  because  binding  to  avidin  beads  could  be  nonspecific.  To  be  convincing,  it  is  necessary  to  find  and 
characterize  the  OP-labeled  tubulin  peptide.  The  search  for  OP-labeled  tubulin  peptides  was  begun  by 
identifying  residues  capable  of  making  a  covalent  bond  with  OP.  Pure  bovine  tubulin  (0.012  mM)  was  treated 
with  0.01-0.5  mM  chlorpyrifos  oxon  for  24  h  at  37  °C  in  pH  8.3  buffer.  The  identity  of  labeled  amino  acids 
and  percent  labeling  was  determined  by  mass  spectrometry.  Chlorpyrifos  oxon  bound  covalently  to  tyrosines 
83, 103, 108, 161,  224,  262,  272,  357,  and  399  in  bovine  alpha  tubulin,  and  to  tyrosines  50,  51,  59, 106, 159, 
281,  310,  and  340  in  bovine  beta  tubulin.  The  most  reactive  were  tyrosine  83  in  alpha  and  tyrosine  281  in 
beta  tubulin.  In  the  presence  of  1  mM  GTP,  percent  labeling  increased  2-fold.  Based  on  the  crystal  structure  of 
the  tubulin  heterodimer  (PDB  Ijff)  tyrosines  83  and  281  are  well  exposed  to  solvent.  In  conclusion  seventeen 
tyrosines  in  tubulin  have  the  potential  to  covalently  bind  chlorpyrifos  oxon.  These  results  will  be  useful  when 
searching  for  OP-labeled  tubulin  in  live  animals. 

©  2009  Elsevier  Inc.  All  rights  reserved. 


Introduction 

Although  some  organophosphorus  compounds  (OP)  have  been 
banned  or  severely  restricted  (www.epa.gov)  they  still  comprise 
more  than  50%  of  all  pesticides  used  worldwide,  causing  much  of  the 
human  population  to  be  exposed.  An  especially  high  percentage  of 
exposure  is  reported  for  farmers  and  workers  dealing  with  pesticides 
in  El  Salvador,  Peru  and  Southern  Spain  (Azaroff,  1999;  Roldan-Tapia 
et  al.,  2006). 


Abbreviations:  AChE,  acetylcholinesterase:  CPO,  chlorpyrifos  oxon;  CREB,  calcium/ 
cyclic  AMP  response  element  binding  protein;  EP-biotin,  10-Eluoroethoxyphosphinyl- 
N-biotinamidopentyldecanamide;  GTP,  guanosine-5 '-triphosphate;  PVDE,  polyvinyli- 
dene  difluoride ;  MS,  mass  spectrometry:  MS/ MS,  tandem  mass  spectrometry:  LC/MS/ 
MS,  liquid  chromatography  tandem  mass  spectrometry:  MALDI-TOE/TOE,  matrix- 
assisted  laser  desorption/ ionization  time  of  flight  mass  spectrometry:  OP,  organo¬ 
phosphorus  compounds:  QTRAP,  a  tandem  quadrupole  linear-ion  trap  mass 
spectrometer. 
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The  acute  toxicity  of  OP  is  due  to  inhibition  of  acetylcholinesterase 
(EC  3. 1.1. 7,  AChE).  Inhibition  of  greater  than  50%  of  an  individual's 
AChE  produces  an  acute  “cholinergic  syndrome”  initiated  by  accu¬ 
mulation  of  the  neurotransmitter  acetylcholine  at  cholinergic  synap¬ 
ses  (McDonough  and  Shih,  1997;  Brown  and  Brix,  1998;  Pope,  1999). 
Respiratory  failure  due  to  inhibition  of  AChE  can  cause  death  (Brown 
and  Brix,  1998;  Eddleston  et  al.,  2006).  In  addition  to  the  acute  toxicity 
that  occurs  with  high  doses  of  OP,  low-dose  exposure  has  been 
implicated  in  insomnia,  fatigue,  inability  to  concentrate,  memory 
deficits,  depression,  and  generalized  weakness  (Stephens  et  al.,  1995; 
Salvi  et  al.,  2003;  Roldan-Tapia  et  al.,  2006;  Kamel  et  al,  2007).  Low- 
dose  exposure  is  defined  as  a  dosage  that  causes  minimal  inhibition  of 
AChE  and  no  obvious  cholinergic  symptoms. 

The  idea  that  AChE  is  the  only  physiologically  important  target  for 
OP  exposure  was  undisputed  for  many  decades.  However,  toxicolo¬ 
gists  demonstrated  that  signs  of  toxicity  in  animals  depended  on  the 
identity  of  the  OP  (Moser,  1995;  Pope,  1999).  For  example,  a  low  dose 
of  fenthion  decreased  motor  activity  in  rats  by  86%  but  did  not  alter 
the  tail-pinch  response,  whereas  a  low  dose  of  parathion  did  not 
lower  motor  activity  but  did  decrease  the  tail-pinch  response.  This  led 
to  the  conclusion  that  OP  have  other  biological  actions  in  addition  to 
their  cholinesterase-inhibitory  properties. 
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A  variety  of  enzymes  have  been  shown  to  react  with  OP,  not  all  of 
which  contain  the  serine  hydrolase  active  site  that  is  a  hallmark  of  OP 
targets  (Casida  and  Quistad,  2004).  These  findings  re-enforce  the 
proposal  that  non-cholinesterase  targets  may  contribute  to  the 
toxicity  of  OP. 

Possible  non-cholinesterase  targets 

Cytoskeletal  proteins  including  tubulin  have  been  implicated  in 
the  neurotoxicity  of  OP  (Abou-Donia,  2003).  Rats  treated  with 
subthreshold  doses  of  chlorpyrifos  oxon  had  impaired  axonal 
transport  in  the  nervous  system,  indicative  of  structural  damage  to 
the  kinesin  motor  protein  whose  task  is  to  transport  cell  components 
along  microtubules  (Gearhart  et  al.,  2007;  Terry  et  al.,  2007).  Studies 
on  organotypic  slice  cultures  of  rat  hippocampus  suggested  that 
chlorpyrifos  oxon  produces  a  progressive  decrease  in  neuronal 
viability  that  may  be  associated  with  impaired  microtubule  synthesis 
and/or  function  (Prendergast  et  al.,  2007).  Furthermore,  the  poly¬ 
merization  of  pure  bovine  brain  tubulin  was  inhibited  by  low  doses  of 
chlorpyrifos  oxon  (0.1-10  |uM)  (Prendergast  et  al.,  2007).  These 
studies  suggest  that  the  function  of  cytoskeletal  proteins,  including 
tubulin,  may  be  adversely  affected  by  OP. 

Tubulin  was  selected  for  study  because  tubulin  appeared  to  be 
labeled  by  the  organophosphorus  ester,  FP-biotin,  when  mice  were 
treated  with  a  low  dose  that  did  not  inhibit  acetylcholinesterase.  The 
evidence  for  labeling  of  tubulin  was  indirect.  In  efforts  to  provide 
direct  evidence  of  labeling  in  vivo,  we  need  to  know  the  identity  of  the 
potentially  modified  residues.  For  this  purpose  we  undertook  the 
mass  spectrometry  study  of  purified  bovine  tubulin  presented  here. 

Materials  and  methods 

Materials.  Bovine  tubulin  (TL238)>99%  pure,  isolated  from  bovine 
brain,  was  from  Cytoskeleton,  Inc  (Denver,  CO).  This  tubulin  prepara¬ 
tion  contains  both  alpha  and  beta  tubulin  (MW  is  approximately 
50  kDa  for  each).  Chlorpyrifos  oxon  (MET-674B  from  ChemService  Inc, 
West  Chester,  PA)  was  dissolved  in  dimethyl  sulfoxide  and  stored  at 
—  80  °C.  10-Fluoroethoxyphosphinyl-N-biotinamidopentyldecanamide 
(FP-biotin)  was  custom  synthesized  in  the  laboratory  of  Dr.  Charles  M. 
Thompson  at  the  University  of  Montana,  Missoula,  MT  (Schopfer  et  al., 
2005a).  Sequencing  grade  modified  porcine  trypsin  (V5113)  was  from 
Promega  (Madison,  WI).  Slide-A-Lyzer  7K  dialysis  cassettes  (No. 
66370)  were  from  Pierce  Biotechnology  Inc.  (Rockford,  IL),  PVDF 
(polyvinylidene  difiuoride)  membrane  (Immun-Blot  #162-0177),  Coo- 
massie  blue  G250  (Bio-Safe),  and  broad  range  biotinylated  SDS  PAGE 
molecular  weight  markers  (#161-0319)  were  from  BioRad  Labora¬ 
tories  (Hercules,  CA).  Performa  Spin  Columns  (#73328)  with  0.8  ml 
capacity,  packed  with  a  gel-filtration  matrix  were  from  Edge  Bio- 
Systems  (Gaithersburg,  MD).  Avidin-Agarose  (A-9207)  was  from  Sigma 
(St.  Louis,  MO),  Streptavidin  Alexa-680  (S-21378)  was  from  Mole¬ 
cular  Probes  (Eugene,  OR).  All  other  chemicals  were  of  analytical  grade. 

Detection  of  FP-biotinylated  proteins  from  mouse  brain  supernatant. 
In  vitro  studies  were  performed  as  follows.  Mouse  brain  was 
homogenized  in  10  volumes  of  50  mM  potassium  phosphate  buffer 
pH  7.0  and  centrifuged  at  100,000  xg.  The  clear  supernatant  (1.4  mg 
protein/ ml)  was  reacted  with  10  pM  EP-biotin  at  25  °C  for  5  h  in 
50  mM  TrisCl  buffer,  pH  8.0,  containing  5  mM  EDTA.  The  reaction  was 
stopped  by  passage  over  a  G-25  gel-filtration  column  to  separate  the 
excess  EP-biotin  from  the  protein,  followed  by  boiling  in  0.5%  SDS  for 
3  min.  The  EP-biotinylated  proteins  were  enriched  by  binding  to 
avidin  beads,  and  analyzed  by  mass  spectrometry  as  described 
(Peeples  et  al.,  2005). 

Mice  treated  with  FP-biotin.  Animal  work  was  carried  out  in  accor¬ 
dance  with  the  Guide  for  the  Care  and  Use  of  Laboratory  Animals  as 


adopted  by  the  National  Institutes  of  Health.  Two  mice  in  strain  129Sv 
were  injected  intraperitoneally  with  5.5  mg/kg  EP-biotin  (9.3  pM) 
dissolved  in  ethanol.  Mice  were  euthanized  120  min  later  by  inhala¬ 
tion  of  carbon  dioxide.  Blood  was  washed  out  by  intracardial 
perfusion  with  0.1  M  phosphate  buffered  saline.  Brains  were  homo¬ 
genized  in  10  volumes  of  50  mM  TrisCl  pH  8.0  containing  5  mM  EDTA, 
and  centrifuged  for  10  min  to  partially  clarify  the  suspension. 
EP-biotinylated  proteins  were  isolated  by  adsorption  onto  Avidin- 
Agarose  beads  (Peeples  et  al.,  2005).  The  boiled  beads  were  loaded  on 
an  SDS  PAGE  gel  where  proteins  were  visualized  with  Coomassie  blue. 
Coomassie-stained  bands  were  excised,  digested  with  trypsin,  and  the 
peptides  identified  by  tandem  quadrupole  LC/MS/MS  mass  spec¬ 
trometry.  Proteins  from  a  separate  SDS  PAGE  gel  were  transferred  to  a 
PVDE  membrane  and  hybridized  with  the  fluorescent  probe, 
Streptavidin  Alexa-680. 

Chlorpyrifos  oxon-labeled  tryptic  peptides  from  bovine  tubulin. 
Bovine  tubulin  (0.6  mg/ ml  or  12  pM  in  terms  of  tubulin  monomer) 
dissolved  in  15  mM  ammonium  bicarbonate  (pH  8.3)  was  treated 
with  a  40-fold  molar  excess  (0.5  mM)  of  chlorpyrifos  oxon.  The 
reaction  mixture  was  incubated  at  37  °C  for  24  h.  The  protein  was 
denatured  by  incubating  in  a  boiling  water  bath  for  10  min.  Excess 
chlorpyrifos  oxon  was  removed  by  dialysis  against  10  mM  ammonium 
bicarbonate  at  4  °C  for  12  h.  Sixty  pg  of  dialyzed  tubulin  was  digested 
with  1.5  pg  of  Promega  trypsin  at  37  °C  for  16  h. 

Tubulin  labeling  by  different  concentrations  of  chlorpyrifos  oxon. 
A  0.05  ml  aliquot  of  0.6  mg/ml  bovine  tubulin,  in  15  mM  ammonium 
bicarbonate  pH  8.3,  was  treated  with  0.01;  0.05;  0.1;  0.25  and 
0.5  mM  chlorpyrifos  oxon.  The  reaction  mixtures  were  incubated  at 
37  °C  for  24  h.  Tubulin  was  denatured  in  a  boiling  water  bath  for 
10  min.  Excess  chlorpyrifos  oxon  was  removed  by  dialysis  against 
10  mM  ammonium  bicarbonate  at  4  °C  for  12  h.  Thirty  pg  of  dialyzed 
tubulin  was  digested  with  0.75  pg  of  Promega  trypsin  at  37  °C 
overnight. 

Time  course  for  labeling  of  bovine  tubulin  by  chlorpyrifos  oxon. 
Bovine  tubulin,  0.3  mg  dissolved  in  0.5  ml  of  15  mM  ammonium 
bicarbonate  pH  8.3,  was  treated  with  a  40-fold  molar  excess  (0.5  mM) 
of  chlorpyrifos  oxon  at  37  °C  for  1,  3,  6.5,  10,  and  24  h.  At  each  time 
point  0.1  ml  of  reaction  mixture  was  removed  for  analysis  of  chlor¬ 
pyrifos  oxon-labeled  peptides.  Samples  were  immediately  centri¬ 
fuged  (Sorvall  MC  12  V  benchtop  microcentrifuge)  through  a 
Performa  Spin  Column  to  remove  excess  chlorpyrifos  oxon  (2  min 
at  3000  rpm)  and  the  pass-thru  was  frozen  at  —70  °C.  After  all 
samples  were  collected,  each  was  digested  with  1.5  pg  of  Promega 
trypsin  at  37  °C  for  16  h. 

GTP  effect  on  OP  binding  to  tubulin.  One  tenth  ml  of  0.6  mg/ ml 
tubulin,  dissolved  in  15  mM  ammonium  bicarbonate  (pH  8.3)  con¬ 
taining  1  mM  GTP,  was  treated  with  a  40-fold  molar  excess  of  chlor¬ 
pyrifos  oxon  or  8-fold  molar  excess  of  EP-biotin  dissolved  in 
dimethylsulfoxide.  The  reaction  mixtures  were  incubated  at  37  °C 
for  24  h.  The  tubulin  was  denatured  by  boiling  in  a  water  bath  for 
1 0  min.  Excess  OP  was  removed  by  dialysis  against  1 0  mM  ammonium 
bicarbonate  at  4  °C  overnight.  The  60  pg  of  dialyzed  tubulin  was 
digested  with  1.5  pg  of  Promega  trypsin  at  37  °C  overnight. 

MALDI-TOF/TOF  mass  spectrometry.  The  MALDI-TOE/TOE  4800 
mass  spectrometer  (Applied  Biosystems,  Poster  City,  CA)  was  used 
for  analysis  of  tryptic  peptides  from  the  tubulin  heterodimer.  One  pi  of 
a  tryptic  digest  was  spotted  on  a  384  well  Opti-TOP  plate  (P/N 
1016491,  Applied  Biosystems)  and  air  dried.  The  spot  was  overlaid 
with  1  pi  of  10  mg/ml  alpha-cyano-4-hydroxycinnamic  acid  matrix 
dissolved  in  50%  acetonitrile,  0.1%  trifiuoroacetic  acid  and  allowed  to 
air  dry.  Mass  spectra  were  collected  in  positive  ion  reflector  mode.  The 
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final  spectrum  was  the  average  of  500  laser  shots.  Masses  were 
calibrated  using  CalMix  5  (Applied  Biosystems). 

Percent  labeled  peptide  estimated  from  MALDI-TOF  peak  areas. 
MALDI-TOF  spectra  are  saved  as  DATA  EXPLORER  files.  The  DATA 
EXPLORER  file  has  an  output  window  that  lists  the  area  for  each  peak 
in  an  MS  spectrum.  Percentage  of  chlorpyrifos  oxon  labeling  was 
calculated  from  the  isotope  cluster  areas  of  peaks  corresponding  to 
unlabeled  and  labeled  peptides.  Cluster  areas  for  both  labeled  and 
unlabeled  masses  were  taken  from  the  same  MALDI  spectrum  where 
the  unlabeled  peptide  served  as  the  internal  control.  The  percentage 
labeling  was  calculated  by  dividing  the  cluster  area  for  the  labeled 
mass  by  the  sum  of  the  cluster  areas  for  the  labeled  and  the  unlabeled 
masses.  This  method  assumes  that  addition  of  the  organophosphate 
does  not  significantly  alter  the  intrinsic  properties  of  the  peptide  (i.e. 
charge  state,  peptide  size,  peptide  hydrophobicity,  or  secondary 
structure)  which  are  considered  to  be  responsible  for  the  signal 
intensity  in  MALDI-TOE  mass  spectrometry  (Pashkova  et  al.,  2004). 
This  ratio  method  has  proven  to  be  valid  in  kinetic  studies  of  modified 
peptides  and  in  the  quantitative  determination  of  other  peptide 
modifications  (Tang  et  al.,  1996;  Jennings  et  al.,  2003;  Li  et  al.,  2007b; 
Sun  and  Lynn,  2007;  Lockridge  et  al.,  2008). 

LC/MS/MS  mass  spectrometry.  Tryptic  peptides  of  chlorpyrifos 
oxon  treated  tubulin  were  dried  in  a  vacuum  centrifuge  (SpeedVac 
from  Jouan,  RClO-10)  and  dissolved  in  5%  acetonitrile,  and  0.1% 
formic  acid.  A  10  pi  aliquot  was  subjected  to  HPLC  using  a 
nanocolumn  (#218MS3.07515  Vydac  Cl 8  polymeric  rev-phase, 
75  pm  I.D.x  150  mm  long;  P.J.  Cobert  Assoc,  St.  Louis,  MO).  Peptides 
were  separated  with  a  90  min  linear  gradient  from  0%  to  60% 
acetonitrile  at  a  flow  rate  of  0.3  pl/min  and  electrosprayed  through  a 
fused  silica  emitter  (360  pm  O.D.,  75  pm  I.D.,  15  pm  taper.  New 
Objective)  directly  into  the  QTRAP  2000  (Applied  Biosystems,  Poster 
City,  CA),  a  hybrid  quadrupole  linear-ion  trap  mass  spectrometer.  An 
ion-spray  voltage  of  1900  V  was  maintained  between  the  emitter 
and  the  mass  spectrometer.  Information-dependent  acquisition  was 
used  to  collect  MS,  high  resolution  MS  and  MS/ MS  spectra  for  the  3 
most  intense  peaks  in  each  cycle,  having  a  charge  of  -h  1  to  -h  4,  a 
mass  between  200  and  1700  m/z,  and  an  intensity  >10,000  cps.  All 
spectra  were  collected  in  the  enhanced  mode,  using  the  trap 
function.  Precursor  ions  were  excluded  for  30  s  after  one  MS/ MS 
spectrum  had  been  collected.  The  collision  cell  was  pressurized  to 
40  pTorr  with  pure  nitrogen  and  collision  energies  between  20  and 
40  eV  were  determined  automatically  by  the  software  based  on  the 
mass  and  charge  of  the  precursor  ion.  The  mass  spectrometer  was 
calibrated  on  selected  fragments  from  the  MS/ MS  spectrum  of  Glu- 
Pibrinopeptide  B.  The  MS/ MS  data  were  processed  using  Analyst 
1.4.1  software. 

Initial  identification  of  peptide  sequences  was  obtained  using  the 
Mascot  search  engine  licensed  to  the  University  Nebraska  Medical 
Center  (http://www.matrixscience.com  (Perkins  et  al.,  1999). 
Mascot  used  the  NCBI  database  version  Dec  29,  2005.  To  make  it 
possible  to  search  for  chlorpyrifos  oxon  labeled  and  PP-biotin  labeled 
Ser,  Thr,  Tyr,  and  Lys  we  introduced  these  modifications  into  the 
UNIMOD  database  according  to  the  instructions  on  the  web  site 
http://www.unimod.org.  Access  to  the  modifications  is  freely  avail¬ 
able  to  all  Mascot  users  in  the  Variable  Modifications  menu  under  the 
names  0-diethylphosphate  (for  chlorpyrifos  oxon),  and  PP-biotin. 
The  search  parameters  included  a  variable  modification  for  oxidized 
methionine,  a  fixed  modification  for  carbamidomethylated  cysteine, 
and  charge  states  -hi,  -h2,  and  -h3.  One  missed  cleavage  was 
allowed  for  digestion  by  trypsin.  The  peptide  tolerance  was  ±1.2  Da. 
The  MS/ MS  tolerance  was  ±  0.6  Da.  The  sequences  of  labeled  peptides 
that  were  identified  by  Mascot  were  further  checked  manually  with 
the  aid  of  MS/ MS  Pragment  Ion  Calculator  from  Systems  Biology 
(http://db.systemsbiology.net). 


Results 

Preliminary  detection  of  FP-biotinylated  tubulin 

Preliminary  screening  for  OP-targets  other  than  AChE  was 
conducted  with  the  biotinylated  organophosphorus  agent  PP-biotin, 
whose  structure  is  shown  in  Pig.  1.  PP-biotin  was  employed  because 
the  biotin  moiety  provided  a  convenient  way  for  enriching  and 
extracting  OP-reactive  proteins  from  crude  mixtures  (Kidd  et  al., 
2001 ;  Nomura  et  al.,  2005;  Peeples  et  al.,  2005;  Schopfer  et  al.,  2005a, 
2005b;  Ding  et  al.,  2008;  Grigoryan  et  al.,  2008;  Nomura  et  al.,  2008; 
Tuin  et  al.,  2009). 

In  vitro  labeling  of  mouse  brain  supernatant  (100,000  xg)  with 
10  jiiM  PP-biotin,  was  followed  by  binding  to  avidin  beads,  SDS 
gel  electrophoresis,  transfer  of  proteins  to  PVDP  membrane,  and 
staining  with  Streptavidin  Alexa-680.  This  sensitive,  fiuorescent  dye 
revealed  as  many  as  55  separate  bands  from  a  single  SDS  PAGE  gel 
lane  for  PP-biotinylated  mouse  brain  supernatant  (Pig.  2,  lane  B).  In 
the  absence  of  PP-biotin,  no  more  than  four  bands  were  normally 
detected. 

Coomassie  staining  is  less  sensitive  than  staining  with  Strepta¬ 
vidin  Alexa-680;  twenty-two  bands  were  detected  in  the  Coomassie- 
stained  lane  shown  in  Pig.  2C.  Proteins  identified  by  mass  spectro¬ 
metry  from  tryptic,  in-gel  digests  of  these  bands  included  serine 
hydrolases,  dehydrogenases,  a  phosphatase,  a  monooxygenase,  per- 
oxiredoxin,  heat  shock  proteins,  albumin,  and  tubulin.  See  Table  1.  In 
addition,  two  endogenously  biotinylated  enzymes  (pyruvate  carbo¬ 
xylase  and  propionyl  CoA-carboxylase)  were  identified. 

An  intensely  stained  band  at  55  kDa  from  the  SDS  PAGE  gel 
contained  tubulin  as  the  major  component.  Both  the  alpha  and  beta 
subunits  of  tubulin  were  found  through  probability-based  searching 
of  the  NCBI  database  using  the  Mascot  algorithm  (Perkins  et  al.,  1999). 
The  MOWSE  scores  showed  high  confidence  in  the  identification.  The 
band  at  55  kDa  did  not  appear  in  brain  preparations  that  had  not  been 
treated  with  PP-biotin  (Pig.  2A). 

Of  the  36  proteins  in  Table  1,  only  11  have  an  active  site  serine  as 
indicated  by  Yes  in  the  column  headed  by  GXSXG.  Proteins  that  have 
an  active  site  serine  are  expected  to  covalently  bind  organophos¬ 
phorus  agents  on  serine.  However,  the  25  proteins  without  the  con¬ 
sensus  sequence  GXSXG  bind  organophosphorus  agent  at  unknown 
sites. 

Mice  treated  with  FP-biotin 

Similar  analyses  were  conducted  on  brain  supernatant  from  mice 
that  had  been  injected  intraperitoneally  with  5.5  mg/ kg  PP-biotin. 


Fig.  1.  Structure  of  FP-biotin.  The  second  order  rate  constant  for  the  reaction  of  FP- 
biotin  with  human  butyryichoiinesterase  is  1.6  x  10^  min“^  and  for  the  reaction 
with  human  acetylcholinesterase  is  1.8  x  10^  min“L  These  rates  are  comparable 
to  the  rates  of  reaction  with  chlorpyrifos  oxon  which  are  1.7x10^  min“^  for 
human  butyryichoiinesterase  and  1.0  x  10^  M“  ^  min“  ^  for  human  acetylcholinesterase 
(Schopfer  et  al.,  2005b). 
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Fig.  2.  Preliminary  detection  of  FP-biotinyiated  tubulin  in  mouse  brain.  Mouse  brain 
supernatant  was  treated  with  10  pM  FP-biotin.  Excess  FP-biotin  was  separated  by  gel 
filtration.  FP-biotinylated  proteins  were  extracted  by  binding  to  Avidin-Agarose  beads. 
The  Avidin-Agarose  beads  were  washed  with  0.2%  SDS,  boiled  in  SDS  gel  loading  buffer, 
and  the  extract  and  beads  loaded  on  an  SDS  PAGE  gradient  gel  (10-20%).  Proteins  in 
lanes  A  and  B  were  transferred  to  PVDE  membrane  and  stained  with  Streptavidin 
Alexa-680.  Lane  A  shows  endogenously  biotinylated  proteins  that  appear  in  the 
absence  of  EP-biotinylation.  Lane  B  shows  55  FP-biotinylated  bands  including  an 
intense  band  for  FP-biotinylated  tubulin.  Lanes  C  and  D  were  stained  with  Coomassie 
blue.  Lane  C  is  the  same  sample  as  in  lane  B  at  a  20-fold  higher  concentration.  Lane  D 
contains  molecular  weight  marker  proteins.  The  molecular  weight  values  for  the 
marker  proteins  are  shown  to  the  right  of  the  panel  (MWM/ kDa).  The  oval  in  lane  C  is 
an  air  bubble. 


These  animals  showed  no  signs  of  cholinergic  toxicity  and  no  AChE 
inhibition  (Peeples  et  al,  2005).  Proteins  that  bound  to  avidin  beads 
were  separated  by  SDS  gel  electrophoresis,  digested  with  trypsin, 
and  analyzed  by  mass  spectrometry.  A  gel  band  at  about  55  kDa 
contained  tubulin  as  the  primary  component.  Alpha  tubulin  gave  a 
MOWSE  score  of  322,  which  was  based  on  9  peptides,  6  of  which 
scored  in  the  identity  range  and  3  in  the  homology  range.  Beta 
tubulin  gave  a  MOWSE  score  of  217,  which  was  based  on  4  pep¬ 
tides,  3  of  which  scored  in  the  identity  range  and  1  in  the  homology 
range. 

Mascot  clearly  identified  tubulin  as  the  major  component  in  the 
avidin-bound  material  extracted  from  the  brain  of  a  mouse  that  had 
been  treated  with  EP-biotin.  However,  the  EP-biotin-labeled  peptides 
for  neither  alpha  nor  beta  tubulin  were  found.  Identification  of  the 
labeled  peptide  is  essential  to  confirm  that  tubulin  truly  reacts  with 
OP.  This  question  is  particularly  important  in  the  case  of  tubulin, 
because  this  protein  does  not  carry  the  serine  hydrolase  active  site, 
which  is  the  traditionally  accepted  target  for  OP. 

Chlorpyrifos  oxon-labeled  tryptic  peptides  from  bovine  tubulin  identified 
by  mass  spectrometry 

In  an  effort  to  find  an  OP-labeled  peptide  from  tubulin,  the  reaction 
of  pure  bovine  tubulin  with  a  different  OP  was  studied.  The  OP  chosen 
for  these  more  focused  studies  was  chlorpyrifos  oxon.  Chlorpyrifos 
oxon  was  chosen  because  it  is  the  active  metabolite  of  chlorpyrifos,  a 
commercially  used  pesticide  that  is  more  relevant  than  EP-biotin  in 
terms  of  human  exposure.  The  chlorpyrifos  oxon  studies  complement 
those  from  the  more  exotic  EP-biotin  and  address  the  question  of 
whether  the  EP-biotin  results  are  relevant  to  real-world  exposure 
situations.  Though  EP-biotin  is  very  convenient  for  finding  unknown 


Table  1 

Proteins  in  mouse  brain  homogenates  that  bind  FP-biotin. 


Protein  name 

Accession  # 

MOWSE 

kDa 

GXSXG 

Eatty  acid  synthase 

gi 

28461372 

49 

270 

Yes 

Puromycin-sensitive  aminopeptidase 

gi 

6679491 

174 

103 

No 

Eormyitetrahydrofoiate  dehydrogenase 

gi 

27532959 

426 

97 

No 

Heat  shock  protein  90-beta 

gi 

123681 

352 

84 

No 

Prolyl  endopeptidase 

gi 

6755152 

827 

81 

Yes 

Acylpeptide  hydrolase 

gi 

22122789 

254 

80 

Yes 

RIKEN  D030028O16 

gi 

22122431 

372 

73 

No 

Serum  albumin  precursor 

gi 

5915682 

270 

67 

No 

RIKEN  4931406N15 

gi 

28076969 

173 

70 

No 

Heat  shock  protein  8 

gi 

13242237 

154 

71 

Yes 

Acetylcholinesterase 

gi 

28279461 

64 

68 

Yes 

Protein  phosphatase  2 

gi 

8394027 

70 

65 

No 

Patty  acid  amide  hydrolase 

gi 

30354073 

72 

64 

Yes 

Dihydropyrimidinase-like  2 

gi 

6753676 

62 

61 

No 

Dihydropyrimidinase-like  3 

gi 

6681219 

59 

62 

No 

Dihydropyrimidinase-like  5 

gi 

12746424 

43 

61 

Yes 

Esterase  1 

gi 

6679689 

91 

61 

Yes 

D-3-phosphoglycerate  dehydrogenase 

gi 

3122875 

195 

51 

No 

Tubulin 

gi 

20455323 

5320 

50 

No 

Tubulin  alphal 

gi 

6755901 

576 

50 

No 

Tubulin  alphaS 

gi 

74186501 

327 

50 

No 

Tubulin  beta 

gi 

21746161 

453 

50 

No 

Tubulin  beta2 

gi 

13542680 

106 

50 

No 

Tubulin  beta5 

gi 

7106439 

423 

50 

No 

Acyl-CoA  hydrolase 

gi 

19923052 

296 

38 

No 

Glyceraldehyde-3-phosphate  dehydrogenase 

gi 

6679937 

275 

36 

No 

Lactate  dehydrogenase  1 

gi 

6754524 

337 

36 

No 

Esterase  10 

gi 

12846304 

261 

35 

Yes 

Platelet-activating  factor  acetylhydrolase 

gi 

6679199 

65 

25 

No 

alpha2 

Tyrosine  3-monooxygenase/ tryptophan 

gi:  6756039 

354 

28 

No 

5-monooxygenase  activation  protein 

Platelet-activating  factor  acetylhydrolase 

gi:  6679201 

273 

26 

No 

alphal 

Platelet-activating  factor  alphal 

gi 

44890813 

110 

26 

No 

Platelet-activating  factor  lb2 

gi 

1373363 

158 

25 

No 

Lysophospholipase  1 

gi 

6678760 

206 

25 

Yes 

Lysophospholipase  2 

gi 

7242156 

160 

25 

Yes 

Peroxiredoxin  1 

gi 

6754976 

245 

22 

No 

The  accession  number  is  unique  to  each  protein  in  the  NCBI  database  in  PubMed.  The 
accession  number  typed  into  the  Protein  subsection  of  PubMed  or  into  Google  brings  up 
the  protein  sequence,  the  species,  and  the  references.  The  MOWSE  score  is  the 
statistical  probability  that  the  identification  is  correct.  A  score  greater  than  34  is 
significant.  A  score  greater  than  69  is  significant  with  p<  0.05.  kDa  indicates  the  protein 
molecular  weight  in  kilodaltons.  GXSXG  is  the  consensus  sequence  for  the  active  site 
serine.  Yes  indicates  proteins  that  have  this  motif. 


proteins  that  react  with  OP,  it  is  subject  to  the  criticism  that  it  is  an 
atypical  OP  and  that  its  reactions  may  not  refiect  the  selectivity  that 
can  be  expected  for  commonly  used  OP. 

Initial  analysis  of  the  tryptic  digest  of  chlorpyrifos  oxon  treated 
bovine  tubulin  was  made  on  the  MALDI-TOE/TOE  4800  mass  spectro¬ 
meter.  The  MS  peaks  from  the  labeled  preparation  were  compared 
with  theoretical  mass  lists  of  tryptic  peptides  from  unlabeled  tubulin 
(alphal,  gi  73586894  and  beta2  gi  75773583  NCBI  database).  Alphal 
and  beta2  are  the  most  abundant  tubulin  isotypes  in  the  brain. 
Therefore  we  took  these  isotypes  for  generation  of  the  theoretical 
mass  lists  by  Protein  Prospector.  The  list  of  theoretical  masses  was 
generated  with  Protein  Prospector  software  (UCSE,  www.prospector. 
ucsf.edu).  Peaks  from  the  labeled  preparation  whose  mass  was  equal 
to  that  of  an  unlabeled  peptide  plus  the  added  mass  from  chlorpyrifos 
oxon  (136  amu)  were  considered  to  be  candidates  for  chlorpyrifos 
oxon-modified  peptides. 

Labeling  did  not  reach  100%  under  the  experimental  conditions 
employed.  Therefore,  masses  for  both  labeled  and  unlabeled  peptides 
appeared  in  the  same  mass  spectrum.  A  MALDI-TOE  MS  spectrum 
showing  some  unlabeled  peptides  and  their  corresponding  chlorpyr¬ 
ifos  oxon-labeled  candidates  is  shown  in  Pig.  3. 

Not  all  labeled  peptides  could  be  detected  in  the  MALDI  mass 
spectrometer  and  MS/MS  fragmentation  in  the  MALDI  mass 
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Fig.  3.  MALDI-TOF  MS  spectrum  of  tryptic  peptides  from  bovine  tubulin  treated  with  a 
40-foid  molar  excess  of  chlorpyrifos  oxon  (0.5  mM).  Singly-charged,  unlabeled  peptides 
with  masses  of  887.5,  1023.5,  1039.5,  1718.9,  1757.0,  and  1959.0  amu  are  shown  in 
regular  font.  Corresponding  candidates  for  chlorpyrifos  oxon- labeled  peptides  (plus 
136  amu)  with  masses  of  1023.5,  1159.5,  1175.7,  1854.9,  1893.0,  and  2095.1  amu  are 
shown  in  bold  and  marked  with  an  asterisk.  The  mass  at  1023.5  m/z  coincides  with 
both  the  unlabeled  peptide  EDAANNYAR  and  the  chlorpyrifos  oxon-labeled  peptide 
FDLMYAK. 


Spectrometer  was  not  always  sufficient  to  fully  characterize  the 
labeled  peptides.  Complementary  MS/ MS  spectra  for  the  candidate 
peptides  were  obtained  via  LC/MS/MS  in  the  tandem,  quadrupole, 
linear-ion  trap,  QTRAP  2000  mass  spectrometer,  using  electrospray 
ionization  to  introduce  the  sample. 

MS/ MS  data  from  the  QTRAP  2000  were  submitted  to  the  Mascot 
search  engine  for  identification  of  chlorpyrifos  oxon-labeled  peptides. 
The  Mascot  results  were  checked  manually  to  confirm  the  sequences 
of  putative,  chlorpyrifos  oxon-labeled  peptides  and  to  identify  the 
covalently  modified  amino  acid  residue.  In  total,  16  labeled  peptides 
and  17  amino  acid  residues  were  identified  (one  peptide  carried  two 
labels).  Each  labeled  peptide  was  covalently  attached  to  an  0-diethyl 


phosphate  fragment.  Nine  tyrosines  were  from  alpha  tubulin  and 
8  tyrosines  were  from  beta  tubulin.  Four  of  the  tyrosines  (59,  83, 159 
and  281)  had  been  identified  and  reported  previously  (Grigoryan 
et  al.,  2008).  Representative  MS/MS  spectra  of  labeled  peptides  are 
shown  in  Fig.  4. 

Theoretical  fragment  ion  masses  for  each  labeled  peptide  were 
calculated  using  the  MS/ MS  Fragment  Ion  Calculator  from  Systems 
Biology  (http://db.systemsbiology.net)  and  compared  to  the  ob¬ 
served  data.  Extensive  y-ion  series  were  identified  for  each  peptide.  A 
delta  mass  corresponding  to  the  labeled  tyrosine  fits  into  the  se¬ 
quence  ions  for  the  y-series  of  each  peptide. 

Characteristic,  non-sequence  fragments  at  216,  244,  and/or 
272  m/z  were  found  for  each  peptide.  The  mass  at  216  m/z  is 
consistent  with  the  immonium  ion  of  phosphotyrosine,  the  mass  at 
244  m/z  is  consistent  with  the  immonium  ion  of  0-monoethylpho- 
sphotyrosine,  and  the  mass  at  272  m/z  is  consistent  with  the  immo¬ 
nium  ion  of  0-diethylphosphotyrosine.  These  characteristic  ions 
provide  additional  evidence  that  the  chlorpyrifos  oxon  is  bound  to 
tyrosine  in  these  peptides.  In  Fig.  4,  the  characteristic  ion  masses  are 
enclosed  in  boxes  (Schopfer  et  al,  2009). 

The  scheme  for  the  reaction  of  chlorpyrifos  oxon  with  tyrosine  is 
presented  in  Fig.  5. 

No  aging 

Aging  is  a  secondary,  enzymatically  catalyzed  reaction  that 
occurs  with  OP-labeled  acetyl-  and  butyrylcholinesterase.  It  results 
in  the  loss  of  one  alkoxy  side-chain  from  the  phosphorus  atom. 
For  example,  aging  of  chlorpyrifos  oxon-modified  acetylcholines¬ 
terase  would  result  in  loss  of  ethylene  from  one  ethoxy  group 
(28  amu).  Chlorpyrifos  oxon-labeled  tyrosine  did  not  lose  an  ethy¬ 
lene  group  from  the  phosphate.  If  aging  had  occurred  the  added 
mass  from  chlorpyrifos  oxon  modification  would  have  been  -hi 08 
rather  than  -hl36.  No  peptides  with  an  added  mass  of  -hi 08  were 
found. 
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Fig.  4.  MS/ MS  spectra  of  chlorpyrifos  oxon-labeled  peptides  from  bovine  tubulin  obtained  by  LC/MS/MS  on  the  QTRAP  2000  mass  spectrometer.  Panel  (A)  peptide  Y310LTVAAVFR 
from  beta  tubulin;  (B)  peptide  FDAANNY103AR  from  alpha  tubulin;  (C)  peptide,  FDLMYsggAK  from  beta  tubulin;  (D)  peptide  IHFPLATY272APVISAFK  from  alpha  tubulin.  In  panels  A-C, 
singly-charged  y-ion  series  derived  from  doubly-charged  parent  ions  at  588.43  (A),  580.23  (B)  and  512.32  (C)  m/z  are  indicated.  For  IHFPLATY272APVISAFK,  in  panel  D,  singly- 
charged  y  and  b-ion  series  derived  from  a  triply-charged  parent  ion  at  632.01  m/z  are  marked.  In  all  cases  the  masses  of  the  y  and  b-ions  are  consistent  with  0-diethylphosphate 
attached  to  tyrosine  (marked  by  an  asterisk  in  the  peptide  sequence).  Masses  enclosed  in  a  box  are  the  immonium  ion  of  phosphotyrosine  (216),  the  immonium  ion  of 
0-monoethylphosphotyrosine  (244),  and  the  immonium  ion  of  0-diethylphosphotyrosine  (272).  Peaks  that  are  not  labeled  include  internal  fragments  and  masses  that  have  lost  a 
molecule  of  water  or  ammonia. 
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added  mass  +136 


Fig.  5.  Reaction  of  chiorpyrifos  oxon  with  tyrosine.  Covalent  binding  of  chiorpyrifos  oxon  to  tyrosine  increases  the  mass  of  tyrosine  by  136  amu  due  to  the  addition  of 
diethoxyphosphate. 


OP-modified  and  phosphate-modified  tyrosines 

The  complete  list  of  organophosphorylated  peptides  from  bovine 
alpha  and  beta  tubulin  is  presented  in  Table  2.  Four  of  the  peptides 
(TGTYR,  YVPR,  GSQQYR  and  EEYPDR)  were  previously  reported  to 
have  been  labeled  with  a  variety  of  OP  (Grigoryan  et  al,  2008). 

No  serine  in  tubulin  was  found  to  be  organophosphorylated  by 
chiorpyrifos  oxon. 

Phosphoproteomic  data  for  a  variety  of  proteins  from  different 
sources  are  available  from  www.phosphosite.org.  In  vivo  and  in  vitro 
experiments  showed  that  in  cancer  cells  alpha  and  beta  tubulin  can  be 
phosphorylated  on  tyrosine  using  GTP  and  different  kinases  (Rush  et 
al.,  2005;  Zheng  et  al,  2005;  Rikova  et  al.,  2007;  Guo  et  al.,  2008). 
Some  of  the  tyrosines  that  have  been  reported  to  be  phosphorylated 
are  organophosphorylated  by  chiorpyrifos  oxon  as  well.  Both 
phosphorylation  and  organophosphorylation  occur  at  positions  103, 
224,  272  and  357  on  alpha  and  50,  51,  and  340  on  beta  tubulin  (Table 
2).  Hyperphosphorylation  can  interfere  with  the  polymerization  of 
tubulin  (Wandosell  et  al.,  1987;  Ley  et  al,  1994).  It  follows  that 
multiple  organophosphorylation  of  tubulin  might  also  interfere  with 
tubulin  polymerization  and  consequently  with  its  functions. 

Dose  dependent  organophosphorylation  of  tyrosines  in  tubulin  by 
chiorpyrifos  oxon 

With  so  many  chiorpyrifos  oxon  binding  sites  on  tubulin,  it  was  of 
interest  to  determine  which  was  more  reactive  and  to  what  extent.  To 
characterize  the  dynamics  of  chiorpyrifos  oxon  binding,  both  the 


reactivity  (i.e.  the  fraction  of  each  tyrosine  that  became  organo¬ 
phosphorylated)  and  the  kinetics  of  organophosphorylation  were 
determined. 

Eight  peptides  were  studied:  TGTYgaR,  NLDIERPTY224TNLNR, 
IHEPLATY272APVISAEK,  Y59VPR,  GHYioeTEGAELVDSVLDWR,  EEY159 
PDR,  GSQQY281R  and  Y310LTVAAVPR.  The  reactivity  of  the  remaining 
peptides  could  not  be  determined  for  one  of  the  following  reasons:  i) 
the  mass  of  the  unlabeled  peptide  coincided  with  the  m/z  value 
for  another  peptide  labeled  with  chiorpyrifos  oxon.  Eor  example, 
1023.5  amu  is  the  mass  of  both  unlabeled  EDAANNYAR  and 
chiorpyrifos  oxon-labeled  PDLMY*AK,  ii)  some  peptides  were  labeled 
on  more  than  one  tyrosine.  Eor  example,  the  peptide  INVYYNEATGGK 
was  labeled  on  either  tyrosine,  iii)  the  isotope  clusters  for  some 
labeled  peptides  overlapped  isotope  clusters  of  other  peptides.  Eor 
example,  the  isotope  cluster  for  VGINY*QPPTVVPGGDLAK  at 
1961.0  m/z  overlapped  the  isotope  cluster  of  a  peak  at  1959.0  m/z, 
and  the  isotope  cluster  for  EDGALNVDLTEEQTNLVPY*PR  at  2545.2  m/z 
overlapped  the  isotope  cluster  of  a  peak  at  2544.2  m/z  and  iv)  labeled 
peptides  were  not  detectable  by  MALDI-TOE/TOE  though  they  could  be 
identified  in  the  QTRAP.  Eor  example,  masses  911.4,  917.4, 1832.8  amu 
for  labeled  peptides  GHY*TIGK,  LSVDY*GK  and  NSSY*EVEWIPNNVK 
could  not  be  detected  in  the  MALDI. 

Eor  those  peptides  that  were  studied,  the  percentage  of  each 
tyrosine  that  was  labeled  is  presented  in  Eig.  6. 

As  shown  in  Eig.  6,  Tyr  83  in  alpha  tubulin  was  the  most  reactive 
tyrosine.  It  was  the  only  tyrosine  labeled  (12%)  by  an  equimolar 
concentration  of  chiorpyrifos  oxon.  Tyr  83  was  the  most  extensively 
labeled  residue  (61%)  in  the  presence  of  0.5  mM  chiorpyrifos  oxon.  Eor 


Table  2 

Chiorpyrifos  oxon-iabeled  tryptic  peptides  from  bovine  aiphal  and  beta2  tubulin  identified  by  LC/MS/MS. 


Tubulin  chain 

Peptide 

Chiorpyrifos 
oxon-labeled 
tyrosine  ^ 

Unlabeled 

m/z 

Mass -E  136  m/z 

Phosphorylation'^ 

Reference^ 

Alpha 

TGTY*R 

83 

597.4 

733.4 

No 

EDAANNY*AR 

103 

1023.5 

1159.5 

Yes 

(Rikova  et  al.,  2007) 

GHY*T1GK 

108 

775.4 

911.4 

No 

LSVDY*GK 

161 

781.4 

917.4 

No 

NLD1ERPTY*TNLNR 

224 

1718.9 

1854.9 

Yes 

(Rikova  et  al.,  2007) 

EDGALNVDLTEEQTNLVPY*PR 

262 

2409.2 

2545.2 

No 

1HEPLATY*APV1SAEK 

272 

1757 

1893 

Yes 

(Rush  et  al.,  2005;  Rikova  et  al.,  2007) 

VG1NY*Q.PPTVVPGGDLAK 

357 

1825 

1961 

Yes 

(Rush  et  al.,  2005;  Rikova  et  al.,  2007; 

Guo  et  al.,  2008) 

EDLMY*A1< 

399 

887.5 

1023.5 

No 

Beta 

1NVY*YNEATGGK 

50 

1328.6 

1464.6 

Yes 

(Rikova  et  al.,  2007) 

1NVYY*NEATGGK 

51 

1328.6 

1464.6 

Yes 

(Rikova  et  al.,  2007) 

Y*VPR 

59 

534.4 

670.4 

No 

GHY*TEGAELVDSVLDVVR 

106 

1959 

2095.1 

No 

EEY*PDR 

159 

808.5 

944.5 

No 

GSQ.QY*R 

281 

738.5 

874.5 

No 

Y*LTVAAVER 

310 

1039.6 

1175.6 

No 

NSSY*EVEW1PNNV1< 

340 

1696.8 

1832.8 

Yes 

(Guo  et  al.,  2008) 

^  Numbering  of  the  organophosphorylated  residues  corresponds  to  accession  numbers  gi  73586894  for  alpha  and  gi  75773583  for  bovine  beta  tubulin  in  the  NCBl  database.  The 
chiorpyrifos  oxon-modified  tyrosine  (Y)  is  marked  by  an  asterisk  in  the  peptide  sequence. 

^  Entries  in  this  column  indicate  whether  or  not  phosphorylation  of  the  tyrosine  has  been  reported.  Phosphorylation  is  by  GTP. 

Reference(s)  where  the  phosphorylation  information  was  reported.  Data  on  phosphorylation  are  from  http://www.phosphosite.org. 
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Fig.  6.  Reactivity  of  chiorpyrifos  oxon  with  various  tyrosines  from  tubulin.  Bars 
represent  the  percentage  of  chiorpyrifos  oxon-modified  tyrosine  in  3  peptides  from 
alpha  tubulin  and  5  peptides  from  beta  tubulin.  Twelve  pM  tubulin  was  incubated  with 
various  concentrations  of  chiorpyrifos  oxon  at  37  °C  for  24  h  (pH  8.3). 


beta  tubulin,  tyrosine  281  exhibited  the  largest  amount  of  labeling, 
with  34%  labeling  at  0.5  mM  chiorpyrifos  oxon.  Residues  224,  272,  59, 
106,  159  and  310  were  substantially  less  reactive  than  83  and  281. 
Reaction  with  0.5  mM  chiorpyrifos  oxon  resulted  in  17%,  10%,  19%,  5%, 
22%  and  8.3%  labeling  of  these  tyrosines,  respectively.  Tyr  83  showed 
3-12-fold  higher  reactivity  than  all  other  tyrosines.  Tyrosines  106  and 
310  from  beta  tubulin  were  the  least  reactive.  The  difference  in  the 
reactivity  between  tyrosines  can  be  rationalized  by  their  location  in 
the  crystal  structure  of  the  tubulin  heterodimer  and  by  the  effect  of 
neighboring  amino  acids. 

Kinetics  of  the  chiorpyrifos  oxon  reaction  with  tubulin  tyrosines 


Progress  curves  for  chiorpyrifos  oxon  binding  to  tyrosine  were 
obtained  by  plotting  the  percentage  of  labeled  peptide  against  the 
corresponding  incubation  time.  Fig.  7  shows  that  the  progress  curves 
are  linear  =  0.7-1 ). 

The  initial  velocity  for  each  tyrosine  was  taken  from  the  slope  of 
the  plot.  No  significant  labeling  was  observed  for  any  peptide  during 
the  first  hour  of  incubation.  Tyr  272  is  not  depicted  in  Fig.  7  because  it 
showed  labeling  only  after  24  h  of  incubation.  Tyr  83  yielded  the 
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Fig.  7.  Progress  curves  for  chiorpyrifos  oxon  binding  to  tyrosines  from  bovine  tubulin. 
The  percentage  of  labeled  peptides  was  calculated  after  3, 6.5, 10  and  24  h  of  incubation 
at  37  °C.  Experimental  data  for  alpha  tubulin  (tyrosines  83  and  224)  are  presented  with 
empty  symbols  for  TGTYsbR  and  NLDIERPTY224TNLNR.  Data  for  beta  tubulin  (tyrosines 
281,  59,  159,  310  and  106)  are  shown  with  filled  symbols  for  GSQ.QY281R,  Y59VPR, 
EY159PDR,  Y310LTVAAVPR  and  GHYioeTEGAELVDSVLDWR.  The  values  of  the  initial 
velocities  are  presented  next  to  each  curve.  Each  point  is  the  average  of  3  trials,  with  an 
error  of  approximately  10%. 


fastest  rate  at  1.87%  labeling/min,  but  no  labeling  was  detected  until 
the  6.5  h  time  point.  At  that  time  it  was  found  to  be  25%  labeled. 
Thereafter,  the  rate  of  labeling  was  rapid.  This  observation  suggests 
that  there  might  have  been  a  reorientation  of  tyrosine  83  within  the 
structure  of  tubulin.  Tyr  83  reacted  with  chiorpyrifos  oxon  1.5-9  times 
faster  than  other  tyrosines.  Tyrosine  281  showed  the  second  fastest 
rate  at  1.36%  labeling/min.  These  findings  are  consistent  with  the 
reactivity  measurements  described  above. 

Bovine  alpha  tubulin  (accession  #  73586894)  has  19  tyrosines,  of 
which  9  can  be  labeled  by  chiorpyrifos  oxon.  Bovine  beta  tubulin 
(accession  #  75773583)  has  16  tyrosines  of  which  8  can  be  labeled. 
About  half  of  the  tyrosines  are  reactive  and  half  are  unreactive. 

In  summary,  Tyr  83  from  alpha  and  Tyr  281  from  beta  bovine 
tubulin  were  more  reactive  toward  chiorpyrifos  oxon  than  the  other 
tyrosines  that  became  labeled.  They  both  showed  a  higher  percentage 
of  labeling:  Tyr  83  and  Tyr  281  were  labeled  61%  and  34%, 
respectively,  after  24  h  of  incubation  at  37  °C  (Fig.  6).  And,  they 
reacted  with  chiorpyrifos  oxon  more  rapidly  than  the  other  tyrosines, 
being  labeled  at  a  rate  of  1.87  and  1.36%  labeled  peptide/min, 
respectively  (Fig.  7). 

Effect  of  GTP  on  the  reaction  of  chiorpyrifos  oxon  with  tubulin 

Tubulin  dimers  are  incorporated  into  microtubules  only  after  they 
have  bound  GTP  to  the  exchangeable  GTP  binding  site  on  beta  tubulin. 
The  binding  of  GTP  alters  the  structure  of  the  tubulin  dimer.  It  was  of 
interest  to  determine  whether  the  structural  change  induced  by  GTP 
binding  was  reflected  in  the  amount  of  chiorpyrifos  oxon  covalently 
bound  to  tubulin.  The  effect  of  GTP  on  chiorpyrifos  oxon  binding  to 
tubulin  was  determined  by  incubation  of  0.012  mM  bovine  tubulin 
heterodimer  with  0.5  mM  chiorpyrifos  oxon  at  37  °C  for  24  h  in  the 
presence  and  absence  of  1  mM  GTP.  Tryptic  peptides  were  analyzed  in 
the  MALDI-TOF/TOF  4800  mass  spectrometer.  Fig.  8  presents  the  MS 
spectra  of  pairs  of  unlabeled  and  chiorpyrifos  oxon-labeled  tryptic 
peptides  without  (panel  A)  and  with  GTP  (panel  B).  The  presence  of 
1  mM  GTP  increased  the  extent  of  tubulin  organophosphorylation. 
The  peak  intensities  of  chiorpyrifos  oxon-labeled  peptides  were 
increased  about  2-fold  in  the  presence  of  GTP  relative  to  the  inten¬ 
sities  of  the  unlabeled  peaks. 


Fig.  8.  Effect  of  GTP  on  extent  of  chiorpyrifos  oxon  labeling.  MS  spectra  were  acquired 
on  the  MALDl-TOE  mass  spectrometer.  (A)  labeled  in  the  absence  of  GTP;  (B)  labeled  in 
the  presence  of  1  mM  GTP.  Unlabeled  peptides  are  indicated  by  regular  font  and  labeled 
peptides  (  +  136  amu  added  mass  from  chiorpyrifos  oxon)  are  indicated  in  bold  and 
marked  by  asterisks.  Seven  pairs  of  peptides  are  represented.  Their  masses  and  amino 
acid  sequences  are  listed  in  Table  2.  The  peak  at  1023.5  m/z  corresponds  to  the 
unlabeled  EDAANNYAR  and  the  chiorpyrifos  oxon-labeled  PDLMY*AK  peptides.  The 
peak  height  of  each  labeled  peptide  compared  to  the  unlabeled  peptide  is  higher  in 
panel  B  (with  GTP)  than  in  panel  A  (without  GTP). 
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Fig.  9.  Crystal  structure  of  the  bovine  brain  tubulin  heterodimer  with  subunit  alpha  in  red  and  beta  in  blue  (Protein  Data  Bank  number,  Ijff).  Eight  chlorpyrifos  oxon-labeled  tyrosines 
(3  in  alpha  and  5  in  beta  tubulin)  are  shown  as  solid  green  sticks.  GTP  in  the  GTP  non-exchangeable  binding  site  in  alpha  tubulin  and  GDP  in  the  exchangeable  binding  site  in  beta 
tubulin  are  shown  as  balls  surrounded  by  amino  acid  residues  that  directly  interact  with  these  nucleotides.  Amino  acid  numbers  correspond  to  the  numbers  in  pdb  Ijff.  These 
numbers  are  high  compared  to  the  numbers  in  the  protein  sequence  because  a  gap  of  two  residues  was  introduced  in  the  numbers  of  the  beta  tubulin  crystal  structure  (Nogales  et  al., 
1999).  The  structure  was  drawn  with  PyMol  software  www.pymol.sourceforge.net. 


Location  of  chlorpyrifos  oxon-labeled  tyrosines  in  the  crystal  structure  of 
the  tubulin  heterodimer 

Tyrosines  of  bovine  tubulin  differed  in  their  sensitivity  toward 
chlorpyrifos  oxon.  To  explain  these  differences,  the  location  of 
modified  tyrosines  was  of  interest.  The  crystal  structure  of  bovine 
brain  tubulin  heterodimer,  reported  by  Nogales  et  al.  (Protein  Data 
Bank  number,  Ijff)  is  shown  in  Fig.  9  (Nogales  et  al.,  1999).  The 
8  tyrosines  for  which  reactivity  data  were  obtained  are  indicated. 
Nogales  et  al.  introduced  gaps  into  the  numbers  of  the  beta  tubulin 
amino  acid  sequence,  which  explains  why  the  numbers  in  the  crystal 
structure  are  higher  than  the  numbers  in  the  protein  database. 

The  phenolic  oxygen  of  Tyr  272  in  alpha  tubulin  and  Tyr  108 
(Y106)  and  Tyr  312  (Y310)  in  beta  tubulin  face  the  inside  of  the 
protein.  As  a  consequence,  it  can  be  assumed  that  access  of 
chlorpyrifos  oxon  to  these  tyrosines  was  limited,  which  is  consistent 
with  the  relatively  low  percentage  of  chlorpyrifos  oxon  labeling 
observed  for  these  tyrosines  (see  Fig.  6).  Tyrosines  61  (59),  83,  161 
(159),  224  and  283  (281)  are  exposed  on  the  surface  of  tubulin.  Tyr 
224,  in  addition  to  being  exposed  to  solvent,  makes  a  n-rr  interaction 
with  the  guanine  moiety  of  the  GTP  molecule.  Tyrosine  83  and  Tyr  283 
(281)  are  exposed  on  the  surface  of  the  tubulin  dimer  making  them 
readily  available  for  reaction  with  chlorpyrifos  oxon,  which  would 
contribute  to  their  high  reactivity. 

Discussion 

Tubulin  labeled  in  living  mice 

Living  mice  treated  with  a  nontoxic  dose  of  FP-biotin  appeared  to 
have  FP-biotin  labeled  tubulin  in  their  brains.  The  evidence  for  OP- 
labeled  tubulin  in  mice  is  not  complete  because  the  OP-labeled 
peptide  was  not  identified.  The  following  observations  led  to  the  idea 
that  tubulin  was  labeled  by  FP-biotin.  1 )  Avidin  beads  bound  tubulin 
from  brains  of  FP-biotin  treated  mice,  but  not  from  brains  of  untreated 


mice.  2)  A  protein  of  55  kDa  contained  covalently  bound  FP-biotin  as 
visualized  on  a  blot  hybridized  with  Streptavidin  Alexa-680.  Mass 
spectrometry  identified  the  major  component  of  this  55  kDa  SDS  gel 
band  as  tubulin.  The  data  presented  in  this  report  are  intended  to  aid 
the  search  for  OP-labeled  tubulin  peptides,  to  provide  the  proof  that  is 
currently  missing. 

OP-labeled  tyrosines  in  bovine  tubulin 

In  preparation  for  renewed  attempts  to  find  the  OP-labeled  tubulin 
peptide  in  mouse  brain,  we  set  out  to  identify  the  potentially  labeled 
sites.  For  this  purpose  we  studied  the  labeling  of  highly  purified 
bovine  tubulin  by  chlorpyrifos  oxon.  We  identified  tyrosine  as  the  site 
of  covalent  binding  by  OP  and  identified  the  specific  tyrosines  that  are 
most  reactive  with  OP,  i.e.  Tyr  83  from  alpha  tubulin  and  Tyr  281  from 
beta  tubulin. 

OP-target  tyrosines  are  conserved  in  bovine,  mouse,  and  human  tubulin 

The  NCBl  database  shows  up  to  8  alpha  and  8  beta  tubulin  se¬ 
quences  in  bovine,  mouse,  and  human  species.  Their  amino  acid  se¬ 
quences  are  highly  conserved.  For  example,  alignment  of  accession 
numbers  73586894  (bovine  alpha),  55977479  (mouse  alpha)  and 
17986283  (human  alpha)  shows  98%  sequence  identity  with  all  tyro¬ 
sines  conserved.  Alignment  of  accession  numbers  75773583  (bovine 
beta),  33859488  (mouse  beta),  and  4507729  (human  beta)  shows 
97%  identity  with  all  tyrosines  conserved.  It  can  therefore  be  proposed 
that  the  tyrosines  modified  by  OP  in  bovine  tubulin  are  likely  to  be 
modified  in  mouse  and  human  tubulin. 

Tyrosine  as  a  motif  for  OP  binding  to  proteins 

The  presence  of  the  consensus  sequence  GXSXG  defines  a  protein 
as  a  member  of  the  serine  hydrolase  family.  These  proteins  make  a 
covalent  bond  with  OP  on  the  active  site  serine.  However,  the  majority 
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of  proteins  that  bound  FP-biotin  covalently  in  Table  1  do  not  have 
the  consensus  sequence  GXSXG.  Except  for  albumin  and  tubulin, 
where  OP  make  a  covalent  bond  with  tyrosine  (Li  et  al,  2007a; 
Grigoryan  et  al,  2008),  the  site  of  covalent  attachment  of  FP-biotin  is 
unknown.  The  most  extensive  data  are  for  OP  labeling  of  albumin. 
Several  laboratories  agree  that  albumin  is  covalently  modified  by  OP 
both  in  vitro  and  in  vivo  (Adams  et  al,  2004;  Peeples  et  al.,  2005; 
Carter  et  al.,  2007;  Williams  et  al.,  2007;  Ding  et  al.,  2008;  Tarhoni 
et  al.,  2008). 

Non-acetylcholinesterase  mechanisms  of  OP  toxicity 

Tubulin  dimers  polymerize  to  form  microtubules.  Microtubules  are 
part  of  the  cytoskeletal  system  that  maintains  the  morphology  of 
neurons  including  axonal  and  dendritic  processes  (Gendron  and 
Petrucelli,  2009).  Microtubules  serve  as  tracks  for  transport  of  mito¬ 
chondria,  synaptic  vesicles,  components  of  ion  channels,  receptors, 
and  scaffolding  proteins  to  and  from  synaptic  sites.  Synapses  are 
highly  vulnerable  to  impairments  in  transport.  Perturbations  to 
microtubule  transport  could  cause  malfunctions  in  neurotransmission 
and  signal  propagation  and  lead  to  synaptic  degradation  (Gendron 
and  Petrucelli,  2009).  Drugs  that  inhibit  tubulin  polymerization,  for 
example  colchicine,  trigger  apoptosis  (Yeste-Velasco  et  al.,  2008). 
Thus,  the  ability  of  tubulin  to  polymerize  is  very  important  for  the  life 
of  a  cell. 

Microtubule  function  is  also  disrupted  by  hyperphosphorylation. 
It  has  been  reported  that  aberrant  phosphorylation  of  cytoske¬ 
letal  proteins  results  in  destabilization  of  microtubules  and  neuro¬ 
filaments,  leading  to  their  aggregation.  Consequently,  normal  function 
of  the  axons  of  central  and  peripheral  nervous  systems  is  disrupted 
(Abou-Donia,  1995;  Abou-Donia,  2003).  Organophosphorylation 
occurs  on  many  of  the  same  tyrosines  that  are  phosphorylated 
(Table  2).  It  is  reasonable  to  suggest  that,  like  hyperphosphorylation, 
organophosphorylation  of  tubulin  on  multiple  sites  could  impede 
tubulin  polymerization  and  normal  functioning  of  microtubules. 

It  has  also  been  reported  that  dichlorvos,  tri-o-cresyl  phosphate, 
and  diisopropyl  phosphofluoridate  induce  hyperphosphorylation  of 
cytoskeletal  proteins  (Suwita  et  al.,  1986;  Gupta  and  Abou-Donia, 
1994;  Choudhary  et  al.,  2001).  Phosphorylation  is  mediated  by 
the  microtubule  associated  endogenous  cAMP  dependent  protein 
kinases  and  Ca^^/Calmodulin  kinase.  This  could  provide  an  alternate 
means  by  which  organophosphates  could  disrupt  the  function  of 
microtubules. 

These  observations  make  disruption  of  tubulin  function  a  very 
likely  source  of  toxicity  related  to  low-dose  exposure  to  OP.  However, 
disruption  of  other  systems  is  also  possible. 

Hyperphosphorylation  of  CREB,  induced  by  OP  has  been  proposed 
as  a  mechanism  of  OP  toxicity  (Schuh  et  al,  2002).  CREB  is  the  nuclear 
transcription  factor  that  controls  cell  differentiation.  CREB  is  critical  to 
synaptic  plasticity  and  transcription-dependent  forms  of  memory. 
Exposure  to  OP  has  been  correlated  with  increased  phosphorylation  of 
CREB  and  it  has  been  suggested  that  the  increased  phosphorylation 
alters  the  function  of  CREB.  Alteration  in  the  function  of  CREB  could 
explain  the  memory  impairment  following  OP  exposure.  It  is  not 
known  whether  the  hyperphosphorylated  CREB  is  a  result  of  the 
direct  action  of  OP  on  CREB  or  an  indirect  effect  from  OP-modification 
of  proteins  involved  in  phosphorylation  or  dephosphorylation  of 
CREB. 

The  developmental  neurotoxicity  of  chlorpyrifos  may  be  due  to 
disruption  of  the  adenylyl  cyclase  cell  signaling  cascade  (Song  et  al., 
1997).  Perturbation  of  the  synthesis  of  the  second  messenger  cyclic 
AMP  affects  cell  replication  and  differentiation.  The  serotonergic 
signal  transduction  system  has  also  been  implicated  in  chlorpyrifos 
neurotoxicity.  Abnormal  levels  of  serotonin  may  alter  the  differenti¬ 
ation  and  architectural  organization  of  the  developing  brain  (Aldridge 
et  al,  2003).  Either  of  these  effects  could  be  the  consequence  of  direct 


reaction  of  chlorpyrifos  oxon  with  tyrosine  in  critical  proteins  of  these 
systems. 

Direct  action  of  chlorpyrifos  on  muscarinic  receptors  causes  M2 
receptor  dysfunction  and  bronchoconstriction  in  the  absence  of  AChE 
inhibition.  This  mechanism  is  proposed  to  explain  symptoms  of 
asthma  including  airway  hyperreactivity  and  wheezing  following  OP 
exposure  (Lein  and  Fryer,  2005).  Covalent  binding  of  3H-chlorpyrifos 
oxon  to  M2  muscarinic  acetylcholine  receptors  in  rat  heart  has  been 
demonstrated,  though  the  modified  amino  acid  has  not  been 
identified  (Bomser  and  Casida,  2001). 

Some  OP  inhibit  neuronal  a4|32  nicotinic  acetylcholine  receptors 
at  low  concentrations  that  have  no  effect  on  AChE  activity  (Smulders 
et  al.,  2004).  The  desensitized  receptors  may  contribute  to  neurolog¬ 
ical  and  neurobehavioral  deficits. 

Though  we  have  demonstrated  a  clear  reaction  of  OP  with  tubulin, 
it  is  likely  that  disruption  of  some  or  all  of  these  other  systems  is 
involved  in  low-dose  OP  neurotoxicity.  The  dominant  mechanism 
would  depend  on  the  identity  of  the  OP,  the  developmental  age  of  the 
exposed  individual,  the  health  of  the  organs  that  metabolize  and 
dispose  of  OP,  and  genetic  factors,  for  example  the  genotype  of 
enzymes  involved  in  OP  metabolism. 
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Chronic  low  dose  exposure  to  organophosphorus  poisons  (OP)  results  in  cognitive  impair¬ 
ment.  Studies  in  rats  have  shown  that  OP  interfere  with  microtubule  polymerization. 
Since  microtubules  are  required  for  transport  of  nutrients  from  the  nerve  cell  body  to 
the  nerve  synapse,  it  has  been  suggested  that  disruption  of  microtubule  function  could 
explain  the  learning  and  memory  deficits  associated  with  OP  exposure.  Tubulin  is  a  major 
constituent  of  microtubules.  We  tested  the  hypothesis  that  OP  bind  to  tubulin  by  treating 
purified  bovine  tubulin  with  sarin,  soman,  chlorpyrifos  oxon,  diisopropylfluorophosphate, 
and  10-fluoroethoxyphosphinyl-N-biotinamidopentyldecanamide  (FP-biotin).  Tryptic  pep¬ 
tides  were  isolated  and  analyzed  by  mass  spectrometry.  It  was  found  that  OP  bound  to 
tyrosine  83  of  alpha  tubulin  in  peptide  TGTYR,  tyrosine  59  in  beta  tubulin  peptide  YVPR, 
tyrosine  281  in  beta  tubulin  peptide  GSQQYR,  and  tyrosine  159  in  beta  tubulin  peptide 
EEYPDR.  The  OP  reactive  tyrosines  are  located  either  near  the  GTP  binding  site  or  within 
loops  that  interact  laterally  with  protofilaments.  It  is  concluded  that  OP  bind  covalently 
to  tubulin,  and  that  this  binding  could  explain  cognitive  impairment  associated  with  OP 
exposure. 

©  2008  Elsevier  Ireland  Ltd.  All  rights  reserved. 


1.  Introduction 

Acute  toxicity  from  organophosphorus  poisons  (OP)  is 
mainly  due  to  inhibition  of  acetylcholinesterase  [1].  How¬ 
ever,  low  dose  exposure  that  causes  minimal  inhibition 


Abbreviations:  amu,  atomic  mass  units;  CPO,  chlorpyrifos  oxon; 

DFP,  diisopropyl  fluorophosphate;  FP-biotin,  10-fluoroethoxyphosphinyl- 
iV-biotinamidopentyldecanamide;  FPB,  FP-biotin;  OP,  organophosphorus 
poisons;  CID,  collision  induced  dissociation. 
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of  AChE  and  no  obvious  cholinergic  symptoms  has  been 
linked  to  memory  loss,  sleep  disorder,  depression,  learn¬ 
ing  and  language  impairment,  and  decreased  motor  skills 
in  humans  [2-4].  Rats  treated  with  low  doses  of  chlor¬ 
pyrifos  have  behavioral  deficits  in  a  water-maze  hidden 
platform  task  and  in  prepulse  inhibition  [5].  The  mecha¬ 
nism  to  explain  cognitive  deficits  from  low  dose  exposure 
is  thought  to  be  inhibition  of  fast  axonal  transport  [5]. 
Axonal  transport  was  impaired  in  sciatic  nerves  isolated 
from  chlorpyrifos  treated  rats  [5,6].  Transport  of  nutri¬ 
ents  to  nerve  endings  is  accomplished  via  microtubules 
that  serve  as  the  highway  on  which  kinesin  molecules 
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carry  their  cargo  [7].  When  microtubule  function  is  dis¬ 
rupted,  neurons  lose  viability.  Microtubules  are  polymers  of 
alpha  and  beta  tubulin.  Prendergast  et  al.  have  shown  that 
polymerization  of  tubulin  is  inhibited  by  low  doses  of  chlor- 
pyrifos  and  diisopropyl  fluorophosphate  (DFP)  [8].  The  goal 
of  the  present  work  was  to  identify  the  amino  acid  residues 
modified  by  reaction  of  tubulin  with  OP.  Mass  spectrometry 
identified  four  covalent  binding  sites,  all  of  them  tyrosines. 

2.  Materials  and  methods 

2.1.  Materials 

Bovine  tubulin  (TL238)  >99%  pure,  isolated  from  bovine 
brain,  was  from  Cytoskeleton,  Inc.  (Denver,  CO).  This  tubu¬ 
lin  preparation  contains  both  alpha  and  beta-tubulin. 
Chlorpyrifos  oxon  (MET-674B)  was  from  Chem  Service 
Inc.  (West  Chester,  PA).  10-Fluoroethoxyphosphinyl-N- 
biotinamidopentyldecanamide  (FP-biotin)  was  custom 
synthesized  in  the  laboratory  of  Dr.  Charles  M.  Thompson 
at  the  University  of  Montana,  Missoula,  MT  [9].  Diiso- 
propylfluorophosphate  (D0879)  was  from  Sigma-Aldrich 
(St.  Louis,  MO).  The  nerve  agents  sarin  and  soman  were 
from  CEB  (Vert-le-Petit,  France).  Sequencing  grade  modi¬ 
fied  porcine  trypsin  (V5113)  was  from  Promega  (Madison, 
WI).  Slide-A-Lyzer  7K  dialysis  cassettes  (No.  66370)  and 
ImmunoPure  immobilized  monomeric  avidin  (#20228) 
were  from  Pierce  Biotechnology  Inc.  (Rockford,  IL). 

2.2.  OP-labeled  tubulin  tryptic  peptides 

Bovine  tubulin  (2  mg/ml)  was  dissolved  in  either  50  mM 
ammonium  bicarbonate  pH  8.3  or  in  80  mM  PIPES,  0.5  mM 
EGTA,  0.25  mM  MgC^  buffer  pH  6.9,  or  in  10  mM  Tris-Cl  pH 
8.0.  The  0.5  ml  of  2  mg/ml  tubulin  (40  p>M)  was  treated  with 
a  20-fold  molar  excess  of  FP-biotin  dissolved  in  dimethyl 
sulfoxide,  or  a  200-fold  molar  excess  of  diisopropyl  fluo¬ 
rophosphate  ( DFP),  or  a  20-fold  molar  excess  of  chlorpyrifos 
oxon  (CPO)  dissolved  in  dimethyl  sulfoxide,  or  a  5-fold 
molar  excess  of  soman  and  sarin  dissolved  in  isopropanol. 
The  reaction  mixtures  were  incubated  at  37  °C  for  16-24  h. 
The  proteins  were  denatured  by  boiling  in  a  water  bath  for 
10  min.  Excess  OP  was  removed  by  dialysis  against  10  mM 
ammonium  bicarbonate.  The  1  mg  of  dialyzed  tubulin  was 
digested  with  0.02  mg  of  Promega  trypsin  at  37  °C  for  16  h. 

2.3.  Purification  of  FP-biotinylated  peptides  on 
monomeric  avidin  beads 

The  trypsin-digested,  FP-biotinylated  tubulin  was  boiled 
for  10  min  to  denature  trypsin.  This  prevented  digestion 
of  avidin  protein  by  trypsin.  The  digest  was  loaded  on 
a  1  ml  column  of  monomeric  avidin  beads.  The  column 
was  washed  with  20  ml  of  1  M  Tris-Cl  pH  8.5  to  wash  off 
unbound  peptides,  followed  by  20  ml  of  0.1  M  Tris-Cl  pH 
8.5,  and  20  ml  of  10  mM  ammonium  bicarbonate.  Salts  were 
washed  off  with  20  ml  water,  before  the  peptides  were 
eluted  with  10  ml  of  10%  acetic  acid.  One  millilitre  fractions 
were  collected. 


2.4.  HPLC  purification 

Peptides  intended  for  infusion  on  the  Q-Trap  mass 
spectrometer  were  purified  by  reverse  phase  HPLC.  The 
advantage  of  offline  HPLC  purification  was  the  large  amount 
of  peptide  sample  that  could  be  loaded  on  the  C18  column 
(Phenomenex  Prodigy  5  micron  ODS  size  100  x  4.60  mm). 
Peptides  from  a  1  mg  tubulin  digest  were  eluted  with  a  gra¬ 
dient  that  started  with  100%  of  0.1%  trifluoroacetic  acid  and 
increased  to  60%  acetonitrile/40%  0.1%  trifluoroacetic  acid 
in  60  min  on  a  Waters  625  LC  system.  Fractions  of  1  ml  were 
collected,  analyzed  by  MALDI-TOF  mass  spectrometry,  and 
dried  in  a  SpeedVac. 

2.5.  MALDI-TOF  mass  spectrometry 

The  MALDI-TOF-TOF  4800  mass  spectrometer  (Applied 
Biosystems)  was  used  for  analysis  of  tryptic  peptides  prior 
to  more  rigorous  analysis  with  the  Q-Trap.  This  mass 
spectrometer  was  also  used  for  analysis  of  tryptic  pep¬ 
tides.  A  0.5  p.1  sample  was  spotted  on  a  384  well  Opti-TOF 
plate  (P/N  1016491,  Applied  Biosystems)  and  the  air  dried 
spot  was  overlaid  with  0.5  p>l  of  10  mg/ml  a-cyano-4- 
hydroxycinnamic  acid  dissolved  in  50%  acetonitrile,  0.1% 
trifluoroacetic  acid.  Mass  spectra  were  collected  in  positive 
ion  reflector  mode  on  a  MALDI-TOF-TOF  4800  mass  spec¬ 
trometer  (Applied  Biosystems,  Foster  City,  CA).  The  final 
spectrum  was  the  average  of  500  laser  shots.  Masses  were 
calibrated  using  CalMix  5  (Applied  Biosystems). 

2.6.  Q-Trap  4000  mass  spectrometry 

Peptides  from  selected  HPLC  fractions  were  dissolved 
in  100  p.1  of  50%  acetonitrile,  0.1%  formic  acid  and  infused 
into  the  Q-Trap  4000  linear  ion  trap  mass  spectrome¬ 
ter  (Applied  Biosystems)  via  a  nanospray  source,  using  a 
continuous  flow  head,  a  flow  rate  of  0.30  p>l/min,  and  an 
ion  spray  potential  of  1900  V.  Spray  was  through  a  distal 
coated  silica  tip  emitter  FS360-75-15-D  (New  Objective, 
Woburn,  MA).  Mass  spectra  were  obtained  using  the  trap 
function  at  4000  amu/s  with  dynamic  fill  to  determine  the 
filling  time  for  the  trap.  One  hundred  to  350  spectra  were 
averaged.  Peptide  fragmentation  also  employed  the  trap. 
MS/MS  spectra  were  obtained  by  collision  induced  disso¬ 
ciation  (CID)  at  a  nitrogen  gas  pressure  of  40  p.Torr  and 
a  collision  energy  of  30-60  V.  The  spectrometer  was  cali¬ 
brated  on  selected  fragments  from  the  MS/MS  spectrum  of 
[Glu]-fibrinopeptide  B. 

3.  Results 

3.1.  Strategy  for  identifying  labeled  residues  in  tubulin 

The  strategy  is  to  first  use  FP-biotin  to  label  the  tubulin. 
FP-biotinylated  peptides  are  easy  to  find  because  the  biotin 
tag  gives  a  signature  fragmentation  pattern.  Masses  of  227, 
312,  and  329  amu  are  always  present  in  the  MS/MS  scan  of 
an  FP-biotin  labeled  peptide  [9].  We  use  the  MS/MS  func¬ 
tion  of  the  MALDI-TOF-TOF  mass  spectrometer  to  screen  for 
FP-biotin  labeled  peptides.  Then  we  use  the  Q-Trap  4000 
mass  spectrometer  to  fragment  the  peptides  for  de  novo 
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Table  1 

Theoretical  masses  of  bovine  tubulin  tryptic  peptides  covalently  labeled  by  OP 


Accession  #  gi:  73586894  for  alpha-tubulin  and  gi:  75773583  for  beta-tubulin  in  the  NCBlnr  database. 


sequencing  to  identify  the  site  of  covalent  attachment  of 
FP-biotin. 

In  a  second  phase,  the  protein  is  labeled  with  other 
OP.  In  the  first  round  of  screening  for  peptides  labeled 
with  these  other  OP,  the  assumption  is  made  that  the 
sites  labeled  by  FP-biotin  are  also  labeled  by  other  OP. 
This  assumption  allows  one  to  calculate  theoretical  OP- 
peptide  masses  and  to  look  for  the  presence  of  these  masses 
in  the  HPLC-fractionated,  tryptic  digest  using  the  MALDI- 
TOF-TOF  mass  spectrometer.  However,  this  assumption 
may  not  hold  for  all  OP.  Therefore  a  second  strategy  is 
used.  Peptide  masses  observed  in  the  MS  scan  for  OP- 
labeled  peptides  are  compared  with  theoretical  masses 
for  unlabeled  peptides.  The  list  of  theoretical  masses  is 
generated  with  Protein  Prospector  software  (UCSF).  This 
free  software  is  available  at  http :  //prospector.ucsf.edu.  Can¬ 
didates  for  OP-labeled  peptides  are  chosen  when  their 
masses  are  equal  to  the  sum  of  the  known  peptide  mass 
and  the  added  mass  from  the  OP.  These  putative,  OP- 
labeled  peptides  are  further  tested  by  CID  fragmentation 
in  the  Q-Trap  4000  mass  spectrometer,  followed  by  man¬ 
ual  de  novo  sequencing  to  identify  the  site  of  covalent,  OP 
attachment. 


3.2.  Four  tubulin  peptides  are  labeled  by  OP 

The  structures  of  the  OP  studied  in  the  present  report 
are  shown  in  Fig.  1.  A  portion  of  each  OP  and  the  pheno¬ 
lic  proton  from  the  labeled  tyrosine  are  displaced  when 
the  OP  makes  a  covalent  bond  with  tubulin,  so  that  the 
mass  added  to  tubulin  is  less  than  the  mass  of  the  OP. 
The  added  masses  are  120  amu  for  sarin,  136  amu  for  CPO, 
162  amu  for  soman,  164  amu  for  DFP,  and  572  amu  for  FP- 
biotin.  The  leaving  group  is  fluoride  ion  for  sarin,  soman, 
DFP  and  FP-biotin,  and  is  3,5,6-trichloro-2-(0)-pyridine  for 
CPO. 

Fig.  2  shows  the  tubulin  tryptic  peptides  that  are  tar¬ 
gets  for  OP-labeling,  before  (panel  A)  and  after  treatment 
with  OP  (panels  B-F).  The  peaks  at  534.4,  597.4,  738.5 
and  808.5  m/z  in  panel  A  are  unlabeled  peptides  with  the 
sequences  YVPR,  TGTYR,  GSQQYR,  and  EEYPDR.  After  treat¬ 
ment  of  tubulin  with  OP,  new  peaks  appear  whose  masses 
correspond  to  some  of  the  expected,  theoretical  masses  for 
OP-labeled  peptides  (Table  1 ). 

Unlabeled  active  site  peptides  were  present  in  each 
digest,  indicating  that  modification  by  OP  was  incomplete. 
The  relative  amount  of  labeled  and  unlabeled  peptide  was 
calculated  from  isotope  cluster  areas.  The  results  are  sum¬ 
marized  in  Table  2.  FP-biotin,  DFP,  and  CPO  reacted  with  all 
four  peptides,  whereas  sarin  and  soman  reacted  with  only 
one  peptide.  Soman  and  sarin  concentrations  were  signifi- 


FP-biotin 


Fig.  1.  OP  structures. 


Table  2 

Percent  of  each  peptide  labeled  by  OP 


Sequence 

%  labeled 

Sarin 

CPO 

Soman 

DPP 

PP-biotin 

TGTYR 

43 

7 

70 

YVPR 

19 

2 

6 

54 

GSQQYR 

54 

23 

13 

66 

EEYPDR 

21 

12 

62 
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Fig.  2.  Mass  spectra  of  tryptic  peptides  of  bovine  tubulin,  before  and  after 
labeling  with  OP.  Peptides  from  (A)  control  bovine  tubulin,  (B)  sarin  treated 
tubulin,  (C)  CPO  treated  tubulin,  E)  DFP  treated  tubulin,  (D)  soman  treated 
tubulin,  (F)  FP-biotin  treated  tubulin.  OP-labeled  peptide  masses  are  in 
bold.  One  peptide  was  labeled  with  sarin  and  soman;  four  peptides  were 
labeled  with  CPO,  DFP,  and  FP-biotin. 

cantly  lower  than  the  concentrations  of  the  other  OP  during 
the  labeling  reaction,  which  might  explain  why  fewer  pep¬ 
tides  were  labeled. 

3.3.  Tyrosine  covalently  modified  by  OP 

Collision  induced  fragmentation  in  the  Q-Trap  mass 
spectrometer  conclusively  identified  the  amino  acid 
sequence  of  each  labeled  peptide  and  the  residue  covalently 
modified  by  OP.  The  MS/MS  spectra  in  Figs.  3-6  show  the 


Fig.  3.  MS/MS  spectra  of  the  TGTYR  peptide  of  alpha  tubulin.  (A)  Singly 
charged  y  ions  derived  from  the  doubly-charged,  unlabeled  parent  ion  at 
299.3  m/z  are  shown.  (B)  CPO-labeled  TGTYR  has  a  doubly  charged  parent 
ion  of  367.4  m/z.  The  y  ion  masses  are  consistent  with  diethylphosphate 
attached  to  tyrosine.  The  mass  at  244  m/z  is  phosphotyrosine,  the  mass 
at  216  m/z  is  the  immonium  ion  of  phosphotyrosine,  and  the  mass  at 
272  m/z  is  monoethylphosphotyrosine.  (C)  DFP-labeled  TGTYR  has  a  dou¬ 
bly  charged  parent  ion  of  381.2  m/z.  The  y  ion  masses  are  consistent  with 
diisopropylphosphate  attached  to  tyrosine.  Masses  enclosed  in  boxes  are  y 
ions  that  have  lost  one  (42  amu)  or  both  (84  amu)  isopropyl  groups.  The  ion 
at  216  m/z  is  the  immonium  ion  of  phosphotyrosine.  (D)  FP-biotin  labeled 
TGTYR  has  a  doubly  charged  parent  ion  of  585.2  m/z.  The  y  ion  masses  are 
consistent  with  FP-biotin  attached  to  tyrosine.  The  ions  at  227,  312,  and 
329  m/z  are  fragments  of  FP-biotin.  The  ion  at  840.2  m/z  is  the  y4  ion  that 
has  lost  227  amu  from  FP-biotin. 

y  ions  of  each  unlabeled  peptide  (panel  A),  and  the  same 
peptide  after  covalent  modification  by  sarin,  CPO,  soman, 
DFP,  and  FP-biotin  (panels  B-F).  The  masses  exactly  fit  the 
indicated  sequence  and  fit  the  interpretation  that  the  OP  is 
attached  to  tyrosine  (Table  3). 

Ions  at  214, 216, 244,  and  272  m/z  provide  additional  evi¬ 
dence  that  the  OP  bind  to  tyrosine  (see  the  figure  legends 
for  details). 


Table  3 

OP-labeled  tyrosines  in  bovine  tubulin 


Tubulin  chain 

Sequence 

OP-labeled  tyrosine 

Location  in  crystal  structure 

Alpha 

TGTYR 

Tyr  83 

Loop  between  H2  and  S3 

Beta 

YVPR 

Tyr  59 

Part  of  the  loop  between  H1-S2;  makes  lateral  contact  between  protofilaments  [10] 

Beta 

GSQQYR 

Tyr 281 

Part  of  the  M  loop  between  S7  and  H9;  makes  lateral  contact  between  protofilaments  [10] 

Beta 

EEYPDR 

Tyr 159 

At  the  C-terminus  of  helix  H4:  residues  157-176  bind  ribose  of  GTP  [11] 
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Fig.  4.  MS/MS  spectra  of  the  YVPR  peptide  of  beta  tubulin.  (A)  Singly 
charged  y  ions  derived  from  the  doubly  charged,  unlabeled  parent  ion  at 
267.2  m/z  are  shown.  (B)  CPO-labeled  YVPR  has  a  doubly  charged  parent 
ion  of  335.4  m/z.  The  y  ion  masses  are  consistent  with  diethylphosphate 
attached  to  tyrosine.  The  216  m/z  ion  is  the  immonium  ion  of  phospho- 
tyrosine.  The  244.1  m/z  ion  is  phosphotyrosine.  (C)  Soman  labeled  YVPR 
had  a  doubly  charged  parent  ion  at  349  m/z.  The  214  m/z  ion  is  the  immo¬ 
nium  ion  of  methylphosphotyrosine.  Loss  of  the  pinacolyl  group  of  soman 
reduces  the  mass  of  the  singly  charged  parent  ion  by  84  amu  to  yield  the 
612  m/z,  ion.  Loss  of  the  pinacolyl  group  also  yields  the  b2  ion  at  341  m/z, 
and  the  a2  ion  at  313.3  m/z.  (D)  DFP-labeled  YVPR  has  a  doubly  charged 
parent  ion  at  349.7  m/z.  The  a2  ion  has  lost  both  isopropyl  groups  (84  amu) 
to  yield  315.1  m/z.  (E)  FP-biotin  labeled  YVPR  has  a  doubly  charged  parent 
ion  at  553.8  m/z.  Ions  at  227,  312,  and  329  m/z  are  fragments  of  FP-biotin. 
The  ions  at  777.2  and  880.4  m/z  are  the  parent  ion  that  has  lost  329  or 
227  amu  from  FP-biotin,  respectively. 


m/z,  amu 


Fig.  5.  MS/MS  spectra  of  the  GSQQYR  peptide  of  beta  tubulin.  (A)  Singly 
charged  y  ions  derived  from  the  doubly  charged,  unlabeled  parent  ion  at 

370.4  m/z  are  shown.  (B)  Sarin-GSQQYR  had  a  doubly  charged  parent  ion 
at  429.4  m/z  and  the  immonium  methylphosphotyrosine  ion  at  214  m/z. 
Loss  of  the  isopropyl  group  reduces  the  y  ion  masses  by  42  amu.  Loss  of 
the  isopropyl  group  plus  loss  of  an  NH3  group  reduces  the  y  ion  masses 
by  59  amu.  (C)  CPO-GSQQYR  had  a  doubly  charged  parent  ion  at  437.3  m/z. 
The  immonium  ion  of  phosphotyrosine  is  at  216  m/z.  The  phosphotyrosine 
ion  is  at  244.1  m/z.  The  monoethylphosphotyrosine  ion  is  at  272.2  m/z. 
(D)  DFP-GSQQYR  has  a  doubly  charged  parent  ion  at  451.8  m/z  and  the 
immonium  phosphotyrosine  ion  at  216  m/z.  Loss  of  one  or  both  isopropyl 
groups  from  diisopropylphosphate  yields  y  ions  whose  masses  are  reduced 
by  42  or  84  amu.  An  additional  loss  of  17  amu  yields  y  ions  that  have  lost 
101  or  59  amu.  (E)  FP-biotin-GSQQYR  had  a  doubly  charged  parent  ion  at 

656.4  m/z.  Eragments  derived  from  EP-biotin  are  at  227, 312,  and  329  m/z. 
The  singly  charged  ion  at  981.6  m/z  is  consistent  with  the  parent  ion  after 
loss  of  329  amu  from  EP-biotin. 


3.4.  Fragmentation  patterns  characteristic  of  a  particular 
OP 

The  data  from  Figs.  3-6  reveal  CID  fragmentation  pat¬ 
terns  that  are  characteristic  of  particular  OP.  For  example, 
DFP-peptides  readily  release  one  or  both  isopropyl  to  yield 
y  ions  missing  either  42  or  84  amu.  CPO-labeled  pep¬ 
tides  yield  intense  peaks  at  216,  244  and  272  m/z  that 
are  consistent  with  phosphotyrosine  immonium  ion,  phos¬ 
photyrosine  and  monoethylphosphotyrosine,  respectively. 


The  FP-biotinylated  peptides  release  the  characteristic  frag¬ 
ments  of  FP-biotin  at  227, 312,  and  329  m/z.  Singly  charged 
ions  missing  either  227  or  329  amu  were  common.  The 
pinacolyl  group  of  soman  was  released  from  soman  labeled 
YVPR  peptide  (Fig.  4C)  to  yield  ions  missing  84  amu.  The 
isopropyl  group  of  sarin  was  released  from  sarin  labeled 
GSQQYR  peptide  (Fig.  5B)  to  yield  ions  missing 42  amu.  Pep¬ 
tides  that  had  lost  42  amu  fragmented  further  to  release 
NH3  (17  amu),  yielding  an  ion  pair  characteristic  of  sarin 
labeling. 
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Fig.  6.  MS/MS  spectra  of  the  EEYPDR  peptide  of  beta  tubulin.  (A)  Singly 
charged  y  ions  derived  from  the  doubly  charged,  unlabeled  parent  at 
404.3  m/z  are  shown.  (B)  CPO-EEYPDR  has  a  doubly  charged  parent  ion 
at  472.3  m/z.  The  immonium  phosphotyrosine  ion  is  at  216  m/z.  Phospho- 
tyrosine  is  at  244  m/z  and  monoethylphosphotyrosine  is  at  272  m/z.  (C) 
DFP-EEYPDR  has  a  doubly  charged  parent  ion  at  486.4  m/z  and  an  immo¬ 
nium  phosphotyrosine  ion  at  216  m/z.  (D)  FP-biotin  EEYPDR  has  a  doubly 
charged  parent  ion  at  691.1  m/z.  Fragment  ions  of  FP-biotin  are  present  at 
227, 312,  and  329  m/z.  The  singly  charged  parent  ion  that  has  lost  329  amu 
from  FP-biotin  is  at  1051.7  m/z. 

In  no  case  was  the  entire  OP  released  from  tyro¬ 
sine.  The  phosphate  group  remained  bound  to  tyrosine 
during  CID  fragmentation.  This  contrasts  with  OP  bound 
to  serine  where  the  fragmentation  process  releases  the 
entire  bound  OP,  leaving  no  trace  of  the  OP  behind, 
and  yielding  dehydroAlanine  in  place  of  the  OP-labeled 
serine  [12]. 

3.5.  No  aging 

When  soman,  sarin,  or  DFP  are  bound  to  acetyl¬ 
cholinesterase  or  butyrylcholinesterase  they  rapidly  lose 
an  alkyl  group  in  a  process  called  aging  [13-15].  An  aged 
soman  labeled  peptide  would  have  an  added  mass  of 
78  amu  rather  than  162;  an  aged  sarin  labeled  peptide 
would  have  an  added  mass  of  78  amu  rather  than  120;  an 
aged  DFP  labeled  peptide  would  have  an  added  mass  of 
122  amu  rather  than  164  in  the  MS  spectrum.  No  evidence 
of  aging  was  found  in  OP  labeled  tubulin  peptides  as  no 
masses  representing  aged  OP-peptides  were  found  in  MS 
scans.  We  conclude  that  tubulin  OP  adducts  on  tyrosine  do 
not  age. 


4.  Discussion 

4.1.  Tyrosine  as  a  motif  for  OP  labeling 

The  literature  overwhelmingly  supports  the  fact  that 
OP  bind  covalently  to  an  active  site  serine  within  the  con¬ 
sensus  sequence  GXSXG.  Enzymes  are  defined  as  serine 
hydrolases  when  their  activity  is  inhibited  by  OP.  On  the 
other  hand,  covalent  binding  of  OP  to  tyrosine  has  previ¬ 
ously  been  reported  only  for  albumin  [16-19],  papain  [20] 
and  bromelain  [21  ].  Our  previous  mass  spectrometry  work 
identified  the  OP  binding  site  in  human  albumin  as  Tyr  411, 
and  in  bovine  albumin  as  Tyr  410  [9,16].  The  present  report 
of  OP  binding  to  tyrosine  in  alpha  and  beta  tubulin  is  novel. 
No  covalent  attachment  site  for  OP  binding  to  tubulin  has 
previously  been  reported. 

No  obvious  consensus  binding  site  can  be  deduced  from 
the  four  peptides  reported  here,  though  each  target  peptide 
contains  a  positively  charged  arginine  within  three  residues 
of  the  labeled  tyrosine  which  may  serve  to  reduce  the  p/Ca 
of  the  tyrosine  hydroxyl  group,  and  thereby  activate  it. 

4.2.  Significance  of  OP-labeling  of  tubulin 

The  crystal  structure  of  tubulin  shows  that  each  of  the 
OP-labeled  tyrosines  is  located  in  a  region  where  protofila¬ 
ments  interact  laterally,  or  bind  GTP  [10,11  ].  OP-binding  to 
tubulin  could  therefore  alter  tubulin  conformation  or  GTP 
binding.  A  change  in  tubulin  conformation  or  GTP  binding 
could  explain  the  observation  of  Prendergast  et  al.  that  CPO 
inhibits  tubulin  polymerization  [8].  When  tubulin  does  not 
polymerize,  microtubules  do  not  form,  and  nutrient  trans¬ 
portation  from  the  nerve  cell  body  to  the  nerve  synapse  is 
disrupted.  It  is  concluded  that  OP  bind  covalently  to  tubu¬ 
lin,  and  that  this  binding  could  explain  the  axonal  transport 
deficits  and  cognitive  impairment  previously  associated 
with  OP  exposure  [5,6]. 
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Mice  Treated  with  Chlorpyrifos  or  Chlorpyrifos  Oxon  Have 
Organophosphorylated  Tubulin  in  the  Brain  and  Disrupted  Microtubule 
Structures,  Suggesting  a  Role  for  Tubulin  in  Neurotoxicity  Associated 
with  Exposure  to  Organophosphorus  Agents 
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Exposure  to  organophosphorus  (OP)  agents  can  lead  to  learning 
and  memory  deficits.  Disruption  of  axonal  transport  has  been 
proposed  as  a  possible  explanation.  Microtubules  are  an  essential 
component  of  axonal  transport.  In  vitro  studies  have  demonstrated 
that  OP  agents  react  with  tubulin  and  disrupt  the  structure  of 
microtubules.  Our  goal  was  to  determine  whether  in  vivo  exposure 
affects  microtubule  structure.  One  group  of  mice  was  treated  daily 
for  14  days  with  a  dose  of  chlorpyrifos  that  did  not  significantly 
inhibit  acetylcholinesterase.  Beta-tubulin  from  the  brains  of  these 
mice  was  diethoxy phosphorylated  on  tyrosine  281  in  peptide 
GSQQY281RALTVPELTQQMFDSK.  A  second  group  of  mice  was 
treated  with  a  single  sublethal  dose  of  chlorpyrifos  oxon  (CPO). 
Microtubules  and  cosedimenting  proteins  from  the  brains  of  these 
mice  were  visualized  by  atomic  force  microscopy  nanoimaging  and 
by  Coomassie  blue  staining  of  polyacrylamide  gel  electrophoresis 
bands.  Proteins  in  gel  slices  were  identified  by  mass  spectrometry. 
Nanoimaging  showed  that  microtubules  from  control  mice  were 
decorated  with  many  proteins,  whereas  microtubules  from  CPO- 
treated  mice  had  fewer  associated  proteins,  a  result  confirmed 
by  mass  spectrometry  of  proteins  extracted  from  gel  slices.  The 
dimensions  of  microtubules  from  CPO-treated  mice  (height  8.7  ±  3.1 
nm  and  width  36.5  ±  15.5  nm)  were  about  60%  of  those  from  control 
mice  (height  13.6  ±  3.6  nm  and  width  64.8  ±  15.9  nm).  A  third  group 
of  mice  was  treated  with  six  sublethal  doses  of  CPO  over  50.15  h. 
Mass  spectrometry  identified  diethoxy  phosphorylated  serine  338  in 
peptide  NS338NFVEWIPNNVK  of  beta-tubulin.  In  conclusion, 
microtubules  from  mice  exposed  to  chlorpyrifos  or  to  CPO  have 
covalently  modified  amino  acids  and  abnormal  structure,  suggest¬ 
ing  disruption  of  microtubule  function.  Covalent  binding  of  CPO  to 
tubulin  and  to  tubulin-associated  proteins  is  a  potential  mechanism 
of  neurotoxicity. 

Key  Words:  chlorpyrifos;  tubulin;  mass  spectrometry; 
nanoimaging;  neurotoxicity. 


Organophosphorus  (OP)  agents  are  used  as  pesticides,  in  jet 
engine  oil  as  a  flame  retardant,  as  chemical  warfare  agents,  and 


for  treatment  of  Schistosomiasis.  The  acute  toxicity  that  occurs 
with  high  doses  of  OP  is  due  to  inhibition  of  acetylcholines¬ 
terase  (AChE).  Some  people  who  survive  acute  exposure 
describe  neurological  symptoms  that  last  long  after  the  acute 
symptoms  have  abated.  The  sarin  attack  in  the  Tokyo  subway 
occurred  in  1995,  but  5  years  later,  some  victims  of  this  attack 
still  suffered  from  blurred  vision,  easy  fatigability,  difficulty  in 
concentration,  and  insomnia  (Kawada  et  ai,  2005;  Yanagisawa 
et  ai,  2006).  Magnetic  resonance  imaging  revealed  structural 
changes  in  the  brains  of  exposed  subjects  (Yamasue  et  aL, 
2007).  These  long-lasting  symptoms  could  be  the  consequence 
of  seizure  activity  and  anoxia  initiated  by  acute  inhibition  of 
AChE  (McDonough  and  Shih,  1997). 

Low  doses  of  OP  that  do  not  inhibit  AChE  have  also  been 
associated  with  neurological  dysfunction,  including  clinically 
significant  extrapyramidal  symptoms,  anxiety,  depression 
(Salvi  et  ai,  2003),  memory  loss,  and  learning  disability 
(Srivastava  et  ai,  2000).  The  mechanism  of  low-dose  toxicity 
is  not  understood.  One  hypothesis  to  explain  long-lasting 
neurotoxicity  from  low  doses  of  OP  involves  OP  modification 
of  proteins  in  the  axonal  transport  system  (Gearhart  et  aL, 
2007;  Gupta  et  aL,  1997;  Prendergast  et  al,  2007;  Terry  et  al, 
2007).  The  transport  system  moves  organelles  from  the  cell 
nucleus  to  the  axon  termini  and  back  to  the  nucleus.  Hundreds 
of  proteins  are  present  in  the  axoplasm  of  neurons  (Rishal 
et  ai,  2010),  suggesting  the  involvement  of  a  great  many 
proteins  in  this  transport  process. 

Indirect  evidence  supports  the  hypothesis  that  organophos- 
phorylation  of  key  proteins  in  the  axonal  transport  system 
disrupts  the  transport  mechanism  in  neurons  (Gearhart  et  aL, 
2007;  Terry  et  aL,  2007).  Such  a  disruption  could  result  in  loss  of 
synaptic  contacts,  slow  dying  back  of  axon  structures,  and  finally 
in  neuron  cell  death  as  has  been  described  by  Morfini  et  al  (2009) 
to  explain  neurodegenerative  diseases,  including  Parkinson’s, 
Alzheimer’s  disease,  and  amyotrophic  lateral  sclerosis. 
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FIG.  1.  Chlorpyrifos  is  bioactivated  to  CPO  by  cytochrome  P450.  Results 
presented  below  show  that  the  oxon  reacts  with  tubulin  by  donating  its 
diethoxyphosphate  group  to  tyrosine  281  and  to  serine  338  of  beta-tubulin  in 
mouse  brain.  Each  diethoxyphosphate  group  adds  a  mass  of  136  amu  to 
tubulin.  The  3,5,6-trichloro-2-(0)-pyridine  group  is  released  from  CPO  and 
excreted. 

Rats  treated  chronically  with  low  doses  of  chlorpyrifos  have 
decreased  rates  of  axonal  transport  measured  in  sciatic  nerves 
ex  vivo,  implicating  OP  modification  of  tubulin,  kinesin,  and 
microtubule-associated  proteins  in  this  dysfunction  (Gearhart 
et  aL,  2007;  Terry  et  al,  2007).  The  present  report  focuses  on 
tubulin  in  brain  because  in  vitro  experiments  have  shown  that 
OP  modification  of  tubulin  disrupts  polymerization  of  tubulin 
into  microtubules  (Grigoryan  and  Lockridge,  2009;  Prendergast 
et  ai,  2007).  Disruption  of  tubulin  polymerization  has  been 
shown  to  result  in  neuron  dysfunction,  cellular  apoptosis,  and 
tissue  damage  (Conde  and  Caceres,  2009;  Tiemo  et  al,  2009). 

Mass  spectrometry  analysis  of  a  variety  of  proteins  treated 
with  OP  in  vitro  identified  covalent  binding  of  OP  to  tyrosine 
and  lysine  residues  (Grigoryan  et  ai,  2008,  2009a,b,c).  The 
results  suggest  that  almost  any  protein  can  be  modified  by 
OP.  Previously,  OP  adducts  were  thought  to  form  only  with 
the  active  site  serine  of  enzymes  in  the  serine  hydrolase 
superfamily.  In  vivo  studies  have  identified  OP- tyrosine 
adducts  in  the  blood  of  guinea  pigs  treated  with  nerve  agents 
and  have  shown  that  the  adducts  are  detectable  24  days  after 
exposure  at  a  time  when  OP-serine  adducts  of  butyrylcholi- 
nesterase  (BChE)  are  no  longer  detectable  (Read  et  al,  2010). 

In  the  present  report,  we  treated  mice  with  the  pesticide 
chlorpyrifos  as  well  as  with  its  active  metabolite,  chlorpyrifos 
oxon  (CPO).  The  pesticide  chlorpyrifos  is  relatively  harmless 
to  man  and  rodents  because  it  is  rapidly  detoxified  and 
excreted.  However,  a  portion  of  the  chlorpyrifos  is  bioactivated 
through  oxidative  desulfuration  catalyzed  by  cytochrome  P450 
enzymes  to  form  CPO,  the  toxic  agent  that  inhibits  AChE 
(Sams  et  al,  2004;  Tang  et  al,  2001)  (see  Eig.  1). 

Our  goal  was  to  identify  alterations  in  microtubule  structure 
following  in  vivo  treatment  of  mice  with  chronic  low  doses  of 
chlorpyrifos  and  with  sublethal  doses  of  CPO.  This  is  the  first 
report  to  identify  structural  deficits  in  microtubules  of  animals 
treated  in  vivo  with  OP  and  furthermore  to  provide  mass 
spectrometry  evidence  for  OP  labeling  of  tubulin  in  mice 
treated  in  vivo  with  chlorpyrifos  or  CPO. 

MATERIALS  AND  METHODS 

Materials.  Chlorpyrifos  and  CPO  (PS-674  and  MET-674B;  ChemService 
Inc.,  West  Chester,  PA)  were  stored  at  —  80°C.  Guanosine  5 ' -triphosphate 
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(GTP)  sodium  salt  hydrate  (G8877)  >95%  HPLC  pure  powder  and  1,4- 
piperazinediethanesulfonic  acid  (PIPES,  P6757)  >  99%  pure  powder  were  from 
Sigma  (St  Louis,  MO).  Sequencing  grade-modified  trypsin  (V5113)  was 
from  Promega  (Madison,  WI).  Alpha-cyano-4-hydroxy cinnamic  acid  was  from 
Applied  Biosystems  (MDS  Sciex;  Foster  City,  CA).  All  other  chemicals  were 
of  analytical  grade. 

Animal.  All  animal  work  was  conducted  in  accordance  with  the  Guide  for 
the  Care  and  Use  of  Laboratory  Animals  as  adopted  by  the  National  Institutes 
of  Health.  Formal  approval  to  conduct  the  experiments  was  obtained  from  the 
Institutional  Animal  Care  and  Use  Committee  of  the  University  of  Nebraska 
Medical  Center.  Adult  wild-type  mice  of  strain  129Sv  were  used  in  all  trials. 
Mice  were  bred  at  the  University  of  Nebraska  Medical  Center. 

Adult  female  mice  treated  for  14  days  with  a  low  dose  of  chlorpyrifos 
{n  =  4)  (85.6  ±11.2  days  of  age)  weighed  an  average  of  19.8  ±  3.2  g,  while 
female  control  mice  {n  =  4)  (90.1  ±5.8  days  of  age)  weighed  an  average  of 
18.2  ±  1.4  g.  Adult  male  mice  treated  with  a  single  sublethal  dose  of  CPO 
{n  =  3)  (72  days  of  age)  weighed  an  average  of  24.6  ±  1.4  g,  and  control  male 
mice  {n  =  3)  (72  days  of  age)  weighed  an  average  of  23.8  ±  1.9  g.  Two  female 
mice  were  treated  with  six  sublethal  doses  of  CPO  over  a  period  of  50.15  h 
(127  days  of  age,  23.0  g),  and  two  control  female  mice  (127  days  of  age,  22.6  g) 
were  treated  at  the  same  time  points  with  an  equivalent  volume  of  ethanol. 

Chronic  low -dose  treatment  of  mice  (n  =  4)  with  chlorpyrifos.  Female 
mice  {n  =  4)  were  injected  sc  with  3  mg/kg  chlorpyrifos  dissolved  in  3% 
dimethyl  sulfoxide/97%  com  oil.  Each  mouse  was  treated  for  14  consecutive 
days  between  10  and  11  a.m.  Surface  body  temperature,  body  weight,  and 
observations  were  made  every  5  min  through  15  min  and  at  30-min  postdosing. 
The  axial  body  temperature  was  measured  with  a  digital  thermometer, 
Thermalert  model  TH-5,  and  a  surface  Microprobe  MT-D,  Type  T 
thermocouple  (Physitemp  Instmments  Inc.,  Clifton,  NJ).  Blood  was  collected 
(50  pi)  via  the  saphenous  vein  prior  to  dosing  each  day.  On  day  15,  24  h  after 
the  final  dose,  the  mice  were  decapitated,  plasma  was  collected,  and  the  brains 
placed  on  ice.  Brains  were  weighed  and  processed  according  to  the  tubulin 
purification  protocol.  The  tubulin  was  examined  for  OP  modifications. 

Single-dose  treatment  of  mice  (n  =  3)  with  chlorpyrifos.  In  three  separate 
experiments,  a  mouse  was  injected  ip  with  CPO  dissolved  in  ethanol  at  a  dose 
of  3.0  mg/kg  delivered  in  50  pi.  A  control  mouse  was  injected  with  ethanol 
only.  Animals  were  observed  for  signs  of  toxicity  following  injection.  About 
30-min  postinjection,  the  mice  were  euthanized  and  perfused  with  50  ml  of 
O.IM  PBS  to  remove  blood  from  tissues.  Tubulin  from  the  brains  of  these 
animals  was  purified  and  used  for  nanoimaging  and  SDS  gel  electrophoresis. 
Proteins  in  the  SDS  bands  were  analyzed  mass  spectrally. 

Treatment  of  mice  (n  =  2)  with  six  doses  of  CPO.  To  derive  samples  for 
mass  spectral  analysis  of  CPO-labeled  tubulin,  mice  {n  =  2)  were  injected  ip 
with  CPO  dissolved  in  ethanol  at  a  dose  of  2.5  mg/kg  delivered  in  50  pi. 
Control  mice  (n  =  2)  were  injected  with  ethanol  only.  Each  mouse  received  six 
injections  at  0,  1,  22,  48,  50,  and  50.15  h.  Animals  were  observed  for  signs  of 
toxicity  after  each  injection.  Mice  were  euthanized  5  min  after  the  last  dose  by 
inhalation  of  carbon  dioxide  and  then  perfused  via  intracardial  injection  with 
50  ml  O.IM  PBS  solution  to  remove  blood  from  the  tissues.  Tubulin  from  the 
brains  of  these  animals  was  examined  for  OP  modifications. 

Enzyme  activity  assays.  AChE  and  BChE  activities  in  mouse  plasma  and 
brain  were  measured  with  ImM  acetylthiocholine  and  ImM  butyrylthiocholine, 
respectively,  as  described  (Peeples  et  ai,  2005).  Carboxylesterase  activity  in 
mouse  plasma  was  assayed  with  2.5mM  p-nitrophenyl  acetate  after  incubating 
3  pi  plasma  for  5  min  in  O.IM  potassium  phosphate  (pH  7.0)  containing 
12.5mM  EDTA,  to  inhibit  paraoxonase,  and  O.OlmM  eserine,  to  inhibit  AChE 
and  BChE.  The  reaction  was  started  by  adding  0.05  ml  of  O.IM  p-nitrophenyl 
acetate  dissolved  in  methanol.  The  total  reaction  volume  was  2.0  ml,  and  the 
temperature  was  25°C.  Absorbance  increase  at  400  nm  was  measured  on 
a  Gilford  spectrophotometer  and  recorded  on  a  computer  interfaced  to  MacLab/ 
200  (AD  Instruments,  Sydney,  Australia).  Activity  in  micromoles  per  minute 
was  calculated  from  the  extinction  coefficient  for  p-nitrophenol  of  9000M‘^cm  \ 
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Tubulin  purification  and  polymerization.  Tubulin  from  mouse  brains  was 
purified  by  two  cycles  of  polymerization  using  the  protocol  of  Shelanski  et  al. 
(1973).  Brains  from  mice  were  collected  and  placed  on  ice.  The  brains  were 
homogenized  in  four  volumes  of  ice-cold  PM  buffer  (80mM  PIPES,  2mM 
magnesium  chloride,  and  0.5mM  ethylene  glycol  tetraacetic  acid  (EGTA),  pH 
7.0)  and  centrifuged  at  17,000  X  g  for  60  min  at  4°C.  The  pellet  was  discarded, 
and  the  clear  supernatant  was  transferred  to  a  clean  ultracentrifuge  tube.  The 
supernatant,  in  which  no  microtubules  were  present,  was  mixed  with  an  equal 
volume  of  8M  glycerol  containing  1  .OmM  GTP.  The  samples  were  incubated  for 
2  h  at  37°C  to  assemble  the  microtubules.  The  solution  was  centrifuged  for  60  min 
at  100,000  X  g  at  29°C  to  pellet  the  microtubules  and  remove  the  polymerization 
inducers  glycerol  and  GTP.  The  pellet  was  suspended  in  500  pi  PM  buffer, 
depolymerized  on  ice  for  30  min,  and  centrifuged  for  1  h  at  4°C  to  remove 
particulates.  Tubulin  in  the  supernatant  was  mixed  with  an  equal  volume  of  8M 
glycerol  containing  1  .OmM  GTP  and  incubated  for  45  min  at  37°C  to  assemble  the 
microtubules  for  a  second  time.  The  sample  was  centrifuged  for  60  min  at  29°C 
to  pellet  the  microtubules.  The  pellet  was  resuspended  in  1  ml  of  PM  buffer 
and  maintained  at  room  temperature  to  preserve  the  microtubules.  The 
protein  concentration  of  the  final  microtubule  pellet  ranged  from  3  to  7  pg/pl 
(depending  on  the  preparation)  as  measured  by  absorbance  at  280  nm  using  the 
NanoDrop  spectrophotometer  ND-1000  (NanoDrop  Technologies  Inc.;  Thermo 
Scientific,  Waltham,  MA).  Absorbance  at  280  nm  was  compared  to  protein 
concentration  estimated  from  the  Pierce  bicinchoninic  acid  protein  assay.  Both 
methods  gave  similar  results.  Bovine  albumin  was  used  as  the  standard  for 
both  assays. 

Atomic  force  microscopy  of  microtubules.  Atomic  force  microscopy 
nanoimages  were  acquired  in  the  Nanoimaging  Core  Eacility  at  the  University 
of  Nebraska  Medical  Center,  codirected  by  L.S.  A  portion  of  the  microtubule 
pellet,  prepared  by  two  cycles  of  assembly,  was  fixed  immediately  by  addition 
of  glutaraldehyde  to  0.25%.  The  fixed  microtubules  were  stored  at  4°C  for  12  h 
before  an  aliquot  was  diluted  10-fold  with  double-distilled  water  to  a  protein 
concentration  of  0.5  pg/pl.  Ten  microliters  of  the  suspension  was  drawn  from 
the  bottom  of  the  tube  and  placed  in  the  center  of  a  mica  chip  that  had  been 
treated  with  l-(3-aminopropyl)  silatrane.  The  detailed  procedure  for  mica 
surface  modification  is  given  in  Shlyakhtenko  et  al.  (2003)  and  Lyubchenko 
and  Shlyakhtenko  (2009).  The  silatrane  modification  allows  the  sample  to  be 
deposited  in  a  wide  range  of  ionic  strengths  and  pH.  After  2-min  incubation  in 
a  humid  chamber,  the  samples  were  rinsed  with  deionized  water  and  dried  with 
argon  gas  flow.  Images  were  acquired  using  an  MPP-3DAtomic  Eorce 
Microscope  (Asylum  Research,  Santa  Barbara,  CA)  operated  in  tapping  mode. 
Pictures  were  taken  from  15  different  5X5  pm  areas  on  average.  Image 
processing  and  measurement  of  microtubule  height  and  width  were  performed 
using  Eemtoscan  software  (Advanced  Technology  Center,  Moscow,  Russia). 

Off-line  HPLC  purification  of  peptides  for  determination  of  labeled 
proteins  by  mass  spectrometry.  A  portion  of  the  microtubule  pellet  was 
denatured  in  8M  urea,  reduced  with  lOmM  dithiothreitol,  and  carbamidome- 
thylated  with  50mM  iodoacetamide.  The  sample  was  diluted  to  2M  urea  and 
then  digested  with  trypsin  at  a  ratio  of  50:1  (wt/wt)  at  37°C  for  16  h.  The  salt 
concentration  was  reduced  by  dilution  rather  than  by  dialysis  because  dialysis 
resulted  in  loss  of  up  to  95%  of  the  tubulin  protein  due  to  sticking  to  the  dialysis 
membrane.  Peptides  were  desalted  and  separated  by  reverse  phase  HPLC  on 
a  100  X  4.60  mm  Phenomenex  Cl 8  column  eluted  with  a  gradient  from  0  to 
60%  (vol/vol)  acetonitrile  versus  0.1%  (vol/vol)  trifluoroacetic  acid  at  a  flow 
rate  of  1  ml/min  for  60  min  on  a  Waters  625  LC  system.  Tractions  of  1  ml  were 
collected,  dried  by  vacuum  centrifugation,  and  redissolved  in  50  pi  of  5% 
acetonitrile  and  0.1%  formic  acid.  Tractions  that  eluted  between  5  and  40  min 
were  analyzed  by  liquid  chromatography-tandem  mass  spectrometry  (LC- 
MSMS)  electrospray  ionization.  The  CPO-labeled  peptide  in  Eigure  4  was  in 
fraction  38,  and  the  CPO-labeled  peptide  in  Eigure  7  was  in  fraction  30.  Details 
on  the  method  for  searching  mass  spectrometry  data  to  identify  labeled  peptides 
are  in  the  “Materials  and  Methods”  section  entitled  Q-Trap  4000  and  LTQ- 
Orbitrap  mass  spectrometry.  In  brief,  the  mass  spectrometry  data  were 
compared  to  the  National  Center  for  Biotechnology  Information  (NCBI) 


nonredundant  database  using  Mascot  software.  Diethoxyphosphate  was  used  as 
a  variable  modification  for  Ser,  Thr,  Tyr,  and  Lys.  Each  identified  peptide  was 
manually  examined  to  verify  that  the  tandem  mass  spectral  fragmentation 
(MSMS)  spectrum  supported  the  Mascot  assignment. 

Polyacrylamide  gel  electrophoresis  of  proteins  in  the  microtubule  pellet, 
followed  by  in-gel  digestion.  Two  gradient  polyacrylamide  gels  (4-30%) 
were  cast  in  a  Hoefer  gel  apparatus  to  make  15  X  11 -cm  gels,  0.75 -mm  thick, 
with  a  single  well  that  spanned  the  entire  gel.  Microtubule  pellets  from  control 
and  CPO-treated  mouse  brains  in  400  pi  PM  buffer  were  denatured  by  addition 
of  80  pi  of  6  X  SDS  gel  loading  buffer  containing  0.2M  Tris/Cl  (pH  6.8),  10% 
SDS,  30%  glycerol,  0.6M  dithiothreitol,  and  0.012%  bromophenol  blue.  The 
samples  were  boiled  for  3  min,  and  each  was  loaded  onto  a  gel.  About  2  mg  of 
protein  were  loaded  onto  each  gel.  Electrophoresis  was  for  3000  V/h  at  4°C. 
Gels  were  stained  with  Coomassie  blue.  Protein  bands  from  the  upper  75%  of 
each  gel  were  cut  into  slices.  Gel  slices  were  destained,  dried,  treated  with 
trypsin,  and  the  peptides  extracted  as  previously  described  (Peeples  et  al, 
2005).  The  dry  samples  were  dissolved  in  80  pi  of  5%  acetonitrile  and  0.1% 
formic  acid  and  placed  in  autosampler  vials  for  analysis  in  the  Q-Trap  4000 
(MDS  Sciex;  Applied  Biosystems)  and  the  LTQ-Orbitrap  (Thermo  Scientific) 
mass  spectrometers. 

Q-Trap  4000  and  LTQ-Orbitrap  mass  spectrometry.  Peptides  purified  by 
off-line  HPLC  or  extracted  from  gel  slices  were  analyzed  by  LC-MSMS  in  the 
Q-Trap  4000  linear  ion  trap  mass  spectrometer  using  a  nanospray  source  with 
a  continuous  flow  head,  at  a  flow  rate  of  0.3  pl/min  (Li  et  al.,  2009).  The  four 
most  intense  peptides  in  each  cycle  of  analysis  were  fragmented  by  collision- 
induced  dissociation  using  pure  nitrogen  at  40  p  Torr  and  a  collision  energy  of 
20-50  V.  Collision  voltage  was  determined  by  the  Analyst  software  based  on 
the  size  and  charge  state  of  the  peptide.  The  data  were  searched  against  the 
NCBI  nonredundant  database  using  Mascot  v  1.9  (Matrix  Science  Ltd,  London, 
UK)  for  tryptic  peptides  with  an  added  mass  of  136  Da  from  CPO  (Perkins 
et  al.,  1999).  The  CPO  added  mass  was  put  into  the  UNIMOD  public  database 
of  protein  modifications  (http://www.unimod.org)  for  use  with  Mascot.  Mascot 
search  parameters  included  peptides  with  one  missed  tryptic  cleavage, 
carbamidomethylated  cysteine  as  a  fixed  modification;  diethoxyphosphorylated 
serine,  threonine,  tyrosine,  and  lysine;  and  oxidized  methionine  as  variable 
modifications,  a  peptide  mass  tolerance  of  1.2  Da  and  a  fragment  mass 
tolerance  of  0.6  Da.  The  MSMS  fragmentation  spectra  of  peptides  identified  by 
Mascot  were  manually  confirmed  with  the  aid  of  the  MS -Product  algorithm 
from  Protein  Prospector  (v  5.3.2  from  the  University  of  California  Mass 
Spectrometry  Eacility).  Peptides  extracted  from  gel  slices  were  also  analyzed  in 
the  LTQ-Orbitrap  mass  spectrometer  as  described  (Wiederin  et  al.,  2009). 

Statistical  analysis  of  microtubule  nanoimaging  parameters.  A  two- 
independent  sample  Mest  was  performed  to  determine  the  statistical 
significance  of  differences  in  the  dimensions  of  the  microtubules  between  the 
treated  and  control  groups.  The  data  were  normally  distributed.  SPSS  software 
16.0  (Microsoft  Corp.,  Redmond,  WA)  was  used  for  statistical  analysis. 


RESULTS 

Mice  Treated  Chronically  with  Low  Doses  of  Chlorpyrifos 

Nontoxic  dose  of  chlorpyrifos.  Mice  injected  daily  for  14 
consecutive  days  with  a  nontoxic  dose  of  chlorpyrifos  (not  the 
oxon),  3  mg/kg  sc,  showed  no  signs  of  toxicity  with  the 
exception  of  hunched  posture,  which  persisted  for  less  than 
15  min  after  treatment.  Their  body  temperature  and  body 
weight  remained  normal  (see  Fig.  2). 

Plasma  AChE  activity  dropped  from  0.3  to  0.2  U/ml  after  the 
first  two  doses  of  chlorpyrifos  but  rebounded  to  0.45  U/ml  after 
9-14  days  of  treatment  (see  Fig.  3  A).  In  contrast,  plasma  BChE 


Downloaded  from  http://toxsci.oxfordjournals.org  at  University  of  Nebraska  Medical  Center  on  April  26,  2010 


186 


JIANG  ET  AL. 


Days  of  treatment  with  chlorpyrifos 

FIG.  2.  Surface  body  temperature  and  body  weight  of  mice  treated  daily 
for  14  days  sc  with  3  mg/kg  chlorpyrifos  (not  the  oxon).  Values  for  control 
mice  {n  =  4)  treated  with  vehicle  were  indistinguishable  from  values  for  treated 
mice  {n  =  4).  Day  0  values  are  the  temperature  and  body  weight  before 
treatment.  Errors  bars  are  SD. 


activity  steadily  declined  following  each  injection  of  chlorpyr¬ 
ifos  (Fig.  3B).  This  result  is  consistent  with  the  greater 
sensitivity  of  BChE  to  inhibition  by  CPO  compared  to  that  of 
AChE  (Amitai  et  ai,  1998).  Plasma  carboxylesterase  activity 
was  unaffected  (Pig.  3C).  Since  inhibition  of  BChE  has  no 
health  consequences  and  since  AChE  activity  was  not  inhibited 
by  the  14th  day  of  treatment,  it  is  concluded  that  the  dosing 
regimen  was  nontoxic. 

Mass  spectrometry  identifies  CPO-modified  tubulin.  Tubu¬ 
lin  purified  from  the  brains  of  mice  treated  with  a  daily  low 
dose  of  chlorpyrifos  was  digested  with  trypsin  and  analyzed  by 
LC-MSMS.  The  mass  spectrometry  data  were  searched  for 
diethoxyphosphorylated  peptides  with  an  added  mass  of  136 
amu  on  tyrosine,  serine,  threonine,  or  lysine.  One  modified 
peptide  was  found.  Pigure  4  shows  the  MSMS  spectrum  for 
peptide  GSQQY281RALTVPELTQQMPDSK  from  mouse 
beta-tubulin,  covalently  modified  on  tyrosine  281  by  diethox- 
yphosphate.  The  triply  charged  parent  ion  has  a  mass-to-charge 
ratio  of  854.8,  which  is  consistent  with  the  peptide  sequence 
plus  136  amu  from  the  diethoxyphosphate.  The  y5  to  yll  ions 
and  the  internal  fragments  support  the  sequence.  Internal 
fragments  are  at  157.0  (AL  minus  28),  268.1  (ALT  minus 
water),  286.2  (LTV  minus  28),  367.1  (ALTV  minus  water). 


Days  of  treatment  with  chlorpyrifos 


FIG.  3.  Plasma  esterase  activity  in  mice  {n  =  4)  treated  daily  for  14  days 
with  chlorpyrifos,  3  mg/kg  sc.  (A)  Plasma  AChE  activity.  (B)  Plasma  BChE 
activity.  (C)  Plasma  carboxylesterase  (CES)  activity.  Day  0  values  are  the 
activities  before  treatment  was  begun.  Units  of  activity  are  micromoles 
substrate  hydrolyzed  per  minute  per  microliter  plasma.  Error  bars  are  SD  for 
four  mice. 


423.0  (PELT  minus  water),  569.2  (PELTQ),  653.2  (LTVPEL), 
697.2  (PELTQQ),  737.2  (QQMPDS),  and  920.3  amu 
(YRALTVP  diethoxyphosphorylated  on  Y). 

Support  for  modification  of  tyrosine  comes  from  the  internal 
fragment  at  920.3  amu,  which  corresponds  to  the  sequence 
Y*RALTVP  where  Y  has  an  added  mass  of  136  amu.  The 
threonine  in  peptide  YRALTVP  can  be  ruled  out  as  the  site  of 
diethoxyphosphorylation  because  internal  fragments  that  in¬ 
clude  this  threonine  (ALT  minus  water,  LTV  minus  28,  ALTV 
minus  water,  and  LTVPEL)  do  not  have  an  added  mass  of  136 
amu.  The  second  threonine  in  peptide  GSQQY281RALTV- 
PELTQQMEDSK  can  be  ruled  out  because  internal  fragments 
that  include  this  threonine  (PELT  minus  water,  PELTQ,  and 
PELTQQ)  do  not  have  an  added  mass  of  136  amu.  The  serine 
near  the  C-terminus  can  be  ruled  out  based  on  the  mass  of  the 
internal  fragment  QQMEDS.  The  serine  near  the  N-terminal 
can  be  ruled  out  based  on  the  mass  of  the  doubly  charged  b4 
ion.  Precedent  for  the  reactivity  of  this  tyrosine  in  tubulin 
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FIG.  4.  Mouse  beta-tubulin  from  brain,  covalently  modified  after  in  vivo  treatment  with  14  daily  low  doses  of  chlorpyrifos  that  did  not  significantly  inhibit 
AChE  activity.  The  triply  charged  parent  ion  has  a  mass-to-charge  ratio  (m/z)  of  854.8.  The  masses  of  the  y  ions  and  the  internal  cleavage  ions  are  consistent  with 
the  sequence  GSQQY281RALTVPELTQQMEDSK  (accession  number  gi  21746161)  where  the  diethoxyphosphorylated  residue  is  tyrosine  281.  The  presence  of 
the  internal  cleavage  ion  at  920.3  amu  is  direct  evidence  that  the  modification  is  on  tyrosine. 


comes  from  in  vitro  experiments  where  the  homologous 
tyrosine  in  bovine  beta-tubulin,  GSQQY281R,  was  covalently 
labeled  by  CPO  (Grigoryan  et  aL,  2009c). 

Mice  Treated  with  a  Single  Dose  of  CPO 

S igns  of  toxicity .  Mice  treated  ip  with  one  dose  of  3 .0  mg/kg 
CPO  and  euthanized  30-min  postdosing  had  toxic  signs, 
including  decreased  body  temperature  (average  reduction 
2.1°C  ±  0.5),  reduced  activity,  piloerection,  and  hunched 
posture.  BChE  and  AChE  activities  in  the  plasma  were 
inhibited  70  and  62%,  respectively.  Tubulin  from  the  brains 
of  these  mice  was  purified  and  polymerized  to  microtubules. 
The  proteins  in  an  aliquot  of  these  microtubules  were  separated 
by  SDS  gel  electrophoreses  and  identified  by  mass  spectrometry. 
Another  aliquot  of  the  microtubule  preparation  was  used  for 
nanoimaging. 

CPO-treated  mice  have  decreased  levels  of  proteins  that 
cosediment  with  microtubules.  Eigure  5  shows  the  SDS  gels 
stained  with  Coomassie  blue  from  which  gel  slices  were 
analyzed  by  mass  spectrometry.  The  banding  pattern  and 
staining  intensities  are  similar  for  the  control  and  treated 
samples.  The  original  goal  of  this  experiment  was  to  identify 
proteins  modified  by  CPO.  In  anticipation  that  several  proteins 
would  be  modified  by  CPO,  gel  slices  from  the  upper  75%  of 


the  gels  were  prepared  for  mass  spectrometry.  The  criterion  for 
a  positive  result  was  finding  the  labeled  peptide  and  finding  an 
MSMS  spectrum  that  supported  the  presence  of  diethoxyphos- 
phate  in  the  peptide.  Labeled  peptides  are  extremely  difficult  to 
find.  The  LC-MSMS  analysis  identified  the  proteins  in  the  gel 
slices  but  did  not  identify  any  labeled  peptides.  However,  the 
mass  spectrometry  analysis  showed  the  surprising  result  that 
the  set  of  proteins  was  not  identical  in  the  two  gels.  The 
microtubules  from  the  CPO-treated  mice  were  missing  the  six 
proteins  listed  at  the  bottom  of  Table  1.  The  missing  proteins 
were  well  represented  in  the  control  microtubule  sample  but 
were  undetectable  in  microtubules  prepared  from  CPO-treated 
mice. 

The  Coomassie-stained  bands  in  the  gels  in  Eigure  5 
appeared  identical,  yet  mass  spectrometry  analysis  of  the 
proteins  in  the  gels  revealed  missing  proteins  in  the  micro¬ 
tubules  from  the  CPO-treated  mouse.  This  result  can  be 
explained  by  the  fact  that  any  gel  slice  contains  multiple 
proteins.  Coomassie  blue  staining  reports  the  aggregate 
composition  of  the  band,  favoring  the  most  abundant  proteins, 
but  mass  spectrometry  identifies  the  individual  proteins  in  a  gel 
band. 

The  mass  spectrometry  results  in  Table  1  are  supported  by 
the  atomic  force  microscopy  nanoimages  in  Eigure  6.  Micro¬ 
tubules  prepared  from  control  mouse  brain  in  Eigure  6A  are 
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FIG.  5.  Coomassie  blue-stained  SDS  gels.  Tubulin  isolated  from  the 
brains  of  control  and  CPO-treated  mice  was  polymerized  to  microtubules.  The 
microtubule  preparations  were  denatured  and  loaded  on  the  gels.  Each  15 -cm 
wide  gel  was  loaded  with  2  mg  of  protein.  A  representative  1.5 -cm  portion  of 
each  gel  is  shown.  The  upper  75%  of  each  gel  was  sliced  horizontally.  Proteins 
were  extracted  from  the  gel  slices,  digested  with  trypsin,  and  analyzed  by  mass 
spectrometry. 

decorated  with  many  proteins.  In  contrast,  microtubules 
prepared  from  the  CPO-treated  mouse  brain  in  Figure  6B  have 
few  attached  proteins. 

The  microtubules  from  CPO-treated  animals  (in  Fig.  6B) 
appeared  to  be  thinner  than  those  from  untreated  animals  (in 
Fig.  6A).  The  difference  was  quantified  by  measuring  the  width 
and  height  of  100  microtubules  at  three  to  four  positions  along 
each  tubule  for  a  total  of  700  measurements.  Figure  6C  shows 
that  the  average  width  was  64.8  ±  15.9  nm  for  the  control  and 
36.5  ±  15.5  nm  for  the  CPO-treated  microtubules.  The  average 
height  was  13.6  ±  3.6  nm  for  the  control  and  8.7  ±  3.1  nm  for 
the  CPO-treated  microtubules. 

The  atomic  force  microscopy  nanoimaging  and  the  mass 
spectrometry  experiments  to  identify  proteins  that  cosediment 
with  microtubules  were  conducted  by  two  researchers,  each 
finding  similar  results.  It  is  unlikely  that  the  missing  proteins 
were  removed  during  purification  as  both  control  and  CPO- 
treated  samples  were  handled  identically,  and  the  tubulin  was 
not  exposed  during  the  purification  process  to  the  high-salt 
conditions,  which  remove  microtubule-associated  proteins 
(Friden  and  Wallin,  1991). 

Mice  Treated  with  Six  Sublethal  Doses  of  CPO 

Signs  of  toxicity.  Mice  treated  ip  with  six  doses  of  2.5  mg/kg 
CPO  showed  no  toxic  signs  after  injections  at  0,  1,  22,  48,  and 


TABLE  1 

Proteins  Identified  in  Control  and  CPO-Treated  Mouse  Brain 
Microtubules 


Protein 

Molecular 

weight 

(kDa) 

Accession 

number 

Control 

Mowse 

score 

CPO 

Mowse 

score 

Plectin  1  isoform  6 

534 

gi  41322931 

78 

110 

Dynein,  cytoplasmic. 

527 

gi  148686723 

1254 

589 

heavy  chain  1 

Titin 

300 

gi  123232572 

112 

68 

Microtubule-associated 

300 

gi  122065442 

913 

841 

protein  lA 

Microtubule-associated 

271 

gi  6678946 

1066 

1573 

protein  IB 

Microtubule-associated 

199 

gi  126741 

4982 

4769 

protein  2 

Microtubule-associated 

121 

gi  148677083 

423 

271 

protein  4 

mKIAA0325  protein 

230 

gi  28972155 

1424 

790 

Neurofilament  protein 

115 

gi  200022 

964 

295 

Mtap4  protein 

114 

gi  29747932 

432 

308 

Stop  protein 

96 

gi  2769587 

324 

383 

Ulip2  protein 

62 

gi  1915913 

362 

148 

Neurofilament  L 

61 

gi  387492 

504 

499 

Tubulin  beta  3 

50 

gi  12963615 

600 

672 

Tubulin  beta  1 

50 

gi  124430500 

89 

160 

Tubulin  beta  5 

50 

gi  7106439 

826 

803 

Tubulin  beta  6 

50 

gi  27754056 

686 

467 

Tubulin  alpha  isotype 

50 

gi  202210 

923 

522 

m-alpha  2 

Tubulin  alpha  1C 

50 

gi  6678469 

920 

672 

Tubulin  alpha  IB 

50 

gi  34740335 

571 

550 

Tubulin  alpha  la 

50 

gi  6678465 

909 

403 

Alpha-tubulin 

50 

gi  74182829 

256 

330 

Tubulin  alpha  8 

50 

gi  8394493 

502 

125 

Microtubule-associated 

76 

gi 13432200 

739 

374 

protein  tau 

Beta-tubulin 

42 

gi  202229 

412 

440 

Tubulin  polymerization- 

24 

gi  33469051 

401 

417 

promoting  protein 

Cy  to  skeleton-as  sociated 

218 

gi  123227410 

915 

0 

protein  5 

Myosin  Va 

215 

gi  148694358 

2097 

0 

Heat-shock  protein  84  kDa 

84 

gi  309317 

123 

0 

Dynein,  cytoplasmic,  1 

57 

gi  22122795 

422 

0 

light  intermediate  chain 

Alpha-intemexin 

56 

gi  94730353 

543 

0 

Microtubule-associated 

53 

gi  90186270 

396 

0 

protein  2  isoform  1 

Note.  Accession  number  is  the  identifying  number  in  the  NCBI 
nonredundant  protein  database.  Mowse  scores  are  assigned  by  Mascot 
software  to  indicate  the  probability  that  the  assignment  is  correct.  They  are 
the  sum  of  the  scores  for  all  of  the  peptides  associated  with  a  particular  protein. 
A  score  of  69  or  higher  is  considered  to  be  a  definitive  assignment  {p  <  0.05). 

50  h.  Following  the  injection  at  50.15  h,  CPO-treated  mice  had 
hunched  posture,  piloerection,  decreased  activity,  ataxic  gait, 
decrease  in  body  temperature  (average  reduction  4.2°C  ±  1.8), 
and  lacrimation.  Mice  were  euthanized  5  min  after  the  50.15-h 
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FIG.  6.  Atomic  force  microscopy  nanoimages  of  microtubules  from 
purified  mouse  brain  tubulin.  (A)  Microtubules  from  a  control  mouse. 
Microtubules  are  highly  decorated  with  associated  proteins.  (B)  Microtubules 
from  a  mouse  treated  ip  with  CPO  (3  mg/kg).  Microtubules  show  fewer 
associated  proteins.  Arrows  indicate  microtubules  that  are  shown  as  magnified 
images  in  the  box  inserts.  Mice  were  injected,  and  microtubules  from  both 
a  control  («  =  3)  and  a  CPO  {n  =  3) -treated  animal  were  prepared  and  imaged 
on  three  different  occasions  by  two  different  investigators.  All  three  trials  gave 
similar  results.  (C)  Width  and  height  comparison  for  microtubules  from  CPO- 
treated  and  control  groups.  ** Statistically  significant  difference  {p  =  0.001). 

dosing.  BChE  and  AChE  plasma  activities  were  completely 
inhibited  5  min  after  the  50.15-h  injection.  At  this  same  time 
point,  BChE  and  AChE  activities  in  the  brain  were  inhibited 


50  and  46%,  respectively.  Brains  from  these  mice  were  the 
source  of  the  tubulin  that  yielded  the  CPO-labeled  peptide  in 
Eigure  7. 

Second  tubulin  peptide  labeled  by  CPO  Collision-induced 
fragmentation  identified  a  second  tubulin  peptide  covalently 
modified  by  CPO.  The  MSMS  fragmentation  spectrum  in 
Eigure  7  shows  peptide  NSssgNEVEWIPNNVK  of  beta- 
tubulin  to  be  covalently  modified  on  serine  338  by  CPO.  The 
masses  of  y  and  b  ions  exactly  fit  the  indicated  sequence. 
Internal  fragments  are  at  430  (EWI),  538.3  (IPNNV),  584.3 
(S338NEV  with  diethoxyphosphate  on  S),  and  740  amu 
(VEWIPN).  Support  for  labeling  on  serine  comes  from  the 
internal  fragment  at  584.3  amu,  which  corresponds  to  the 
sequence  S338NEV,  where  S  has  an  added  mass  of  136  Da.  In 
addition,  the  parent  ion  mass  requires  the  presence  of  an  extra 
136  amu  component,  and  there  are  no  other  nucleophilic 
residues  in  this  peptide  that  could  reasonably  support  reaction 
with  CPO. 


DISCUSSION 

Tubulin  Peptides  Labeled  by  CPO  in  Living  Mice 

Living  mice  treated  with  a  nontoxic  dose  of  chlorypyrifos  or 
a  sublethal  dose  of  CPO  have  CPO-labeled  tubulin  in  their 
brains.  The  identification  of  two  diethoxy phosphorylated 
tubulin  residues  (tyrosine  281  and  serine  338)  is  direct 
evidence  that  CPO  covalently  reacts  with  tubulin  in  mouse 
brain. 


m/z,  amu 


FIG.  7.  MSMS  fragmentation  spectrum  of  the  NS338NFVEWIPNNVK  peptide  labeled  by  CPO  on  serine  338  of  mouse  beta-tubulin  (accession  number  gi 
91855).  The  doubly  charged  parent  ion  has  a  mass-to-charge  ratio  (m/z)  of  849.0.  The  spectrum  was  acquired  in  the  Q-Trap  4000  mass  spectrometer.  Mice  had 
been  treated  with  sublethal  doses  of  CPO  six  times  over  a  period  of  50.15  h. 
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TABLE  2 

CPO-Labeled  Beta-Tubulin  Peptides 


Species 

Sequence 

Accession 

number 

Labeled 

amino 

acid 

Reference 

Mus  musculus 

GSQQY281RALTVPELTQQMFDSK 

gi  21746161 

Tyr  281 

Present  work 

Bovine 

GSQQ  Y28  iR  ALTVPELTQQMEDAK 

gi  75773583 

Tyr  281 

Grigoryan  et  al.  (2009c) 

Homo  sapiens 

GSQQY281RALTVPELTQQMFDSK 

gi  4507729 

Unknown 

Mus  musculus 

NS338NFVEWIPNNVK 

gi  91855 

Ser  338 

Present  work 

Bovine 

NSSY340FVEWIPNNVK 

gi  75773583 

Tyr  340 

Grigoryan  et  al.  (2009c) 

Homo  sapiens 

NSSYFVEWIPNNVK 

gi  4507729 

Unknown 

In  previous  studies  with  purified  bovine  tubulin,  17  peptides 
from  bovine  alpha-  and  beta-tubulin  were  found  to  have  been 
labeled  with  CPO  on  tyrosine  and  lysine.  Tyrosine  281  was  the 
most  reactive  residue  in  beta-tubulin  (Grigoryan  et  al,  2009c). 
However,  no  serine  was  found  to  be  organophosphorylated  by 
CPO  in  bovine  tubulin  (Grigoryan  et  ai,  2009c).  When  live 
mice  were  treated  with  chlorpyrifos  or  CPO,  the  labeled  tubulin 
residues  were  tyrosine  281  and  serine  338.  No  other  residues 
were  found  to  be  organophosphorylated  in  mouse  tubulin.  It  is 
possible  that  more  sensitive  methods  will  detect  additional 
labeled  residues  in  the  future. 

Table  2  compares  the  amino  acid  sequences  of  bovine 
and  mouse  tubulin  peptides  that  include  tyrosine  281  and 
serine  338.  The  sequence  of  peptide  GSQQY281RALTV- 
PELTQQMFDSK  is  conserved  in  both  species,  bovine 
differing  from  mouse  by  virtue  of  a  single  conservative  change 
(alanine  to  serine)  at  the  second  position  from  the  C-terminus. 
Tyrosine  281  is  present  in  both  bovine  and  mouse  tubulin.  Both 
bovine  beta-tubulin  peptide  NSSY440FVEWIPNNVK  and 
mouse  beta-tubulin  peptide  NS338NFVEWIPNNVK  have 
serine  at  position  338,  but  only  bovine  tubulin  has  tyrosine  at 
position  340.  Both  peptides  are  labeled  by  CPO.  The  label  in 
bovine  tubulin  is  on  tyrosine  440.  The  difference  in  target  at 
this  locus  could  reflect  the  greater  nucleophilicity  of  tyrosine 
compared  to  serine. 

Seventeen  sites  on  bovine  tubulin  were  labeled  with  CPO 
in  vitro,  while  only  two  sites  were  labeled  on  mouse  tubulin 
in  vivo.  The  larger  overall  number  of  labeling  sites  for  bovine 
tubulin  in  vitro  could  be  partly  explained  by  the  fact  that  the 
pure  bovine  tubulin  purchased  from  Cytoskeleton  Inc.  had 
been  depleted  of  microtubule-associated  proteins  before  it  was 
treated  with  CPO.  Tyrosine  sites  available  for  reaction  in  vitro 
may  be  unavailable  in  vivo.  The  tyrosines  might  be  protected 
by  interaction  with  other  proteins  or  might  already  be 
phosphorylated  by  kinases  (Westermann  and  Weber,  2003). 
Prior  phosphorylation  could  mask  other  potential  serine  residue 
targets  in  vivo. 

The  homologous  sequences  in  human  beta-tubulin  are  nearly 
identical  to  those  in  bovine  and  mouse  beta-tubulin.  Sites  of 
labeling  on  human  tubulin  are  unknown,  but  they  would  be 
expected  to  be  similar  to  those  identified  here. 


Thin  Microtubules  and  Decreased  Proteins  on  Tubulin 

Isolated  from  CPO-treated  mice 

Thirty-two  proteins  are  listed  in  Table  1.  Eleven  of  these  are 
forms  of  tubulin.  Two  are  large  proteins  (plectin  1  isoform  6  and 
Titin)  with  Mowse  scores  of  about  100.  These  proteins  are 
frequently  identified  in  database  searches  and  may  be  considered 
as  nonspecific  identifications.  The  remaining  19  proteins  appear 
to  copurify  with  the  microtubules.  These  proteins  are  recognized 
as  being  involved  in  axonal  transport  (Maccioni  and  Cambiazo, 
1995;  Park  et  al.,  2008;  Sakamoto  et  al,  2008). 

Six  proteins  in  Table  1  were  undetectable  in  microtubules 
prepared  from  CPO-treated  mice.  These  were  heat-shock 
protein  84  kDa,  alpha-intemexin.  Myosin  Va,  dynein  cyto¬ 
plasmic  1  light  intermediate  chain,  cytoskeleton-associated 
protein  5,  and  microtubule-associated  protein  2  isoform  1. 
Heat-shock  proteins  function  as  molecular  chaperones,  able  to 
direct  folding  of  cytoskeletal  proteins,  such  as  alpha/beta/ 
gamma-tubulin,  actin,  and  centractin  (Liang  and  MacRae, 
1997).  Intemexin  is  among  the  five  major  types  of  intermediate 
filament  proteins  expressed  in  mature  neurons.  Alpha- 
intemexin,  which  is  highly  expressed  during  mammalian 
nervous  system  development,  can  coassemble  with  neurofila¬ 
ment  proteins  and  plays  a  key  role  in  axonal  outgrowth 
(Lariviere  and  Julien,  2004).  Myosin  is  involved  in  fast  axonal/ 
dendritic  transport  and  can  form  a  complex  with  kinesin, 
a  microtubule-based  motor.  This  complex  allows  long-range 
movement  of  vesicles  within  axons  and  dendrites  on  micro¬ 
tubules  (Langford,  2002).  The  formation  and  maintenance  of 
neuronal  synapses  are  dependent  on  the  active  transport  of 
material  between  the  cell  body  and  the  axon  terminal. 
Cytoplasmic  dynein  is  one  of  the  motors  for  microtubule- 
based  axonal  transport,  and  it  takes  part  in  regulating  the 
dynamic  behavior  of  microtubules  (Hestermann  et  al.,  2002; 
Susalka  and  Pfister,  2000).  Cytoskeleton-associated  protein 
5  plays  a  major  role  in  organizing  spindle  poles.  Microtubule- 
associated  protein  2  isoform  1  is  a  low-molecular  weight 
alternatively  spliced  variant  that  is  more  abundant  in  embryonic 
brain  than  in  adult  brain  (Tucker  et  al.,  1988).  Thus,  the  proteins 
that  are  missing  from  microtubules  in  CPO-treated  mouse  brain 
are  related  to  microtubule  assembly,  structure,  stability,  and 


Downloaded  from  http://toxsci.oxfordjournals.org  at  University  of  Nebraska  Medical  Center  on  April  26,  2010 


MICROTUBULE  STRUCTURE  DISRUPTED  IN  MICE 


191 


function.  Dissociation  of  these  proteins  from  the  microtubules 
could  account  for  the  abnormally  thin  microtubules  in  CPO- 
treated  mice. 

Our  observation  of  a  decrease  in  microtubule  cosedimenting 
proteins  in  response  to  exposure  to  CPO  is  supported  by  other 
reports.  Prendergast  et  al.  (2007)  found  that  CPO  treatment  of 
organotypic  hippocampal  slice  cultures  from  rat  brain  results  in 
dramatically  reduced  levels  of  microtubule-associated  protein 
2a  and  2b.  The  fluorescence  intensity  from  bound  antibody  was 
reduced  up  to  85%  following  3  days  of  treatment  with  1-1  OpM 
CPO.  However,  levels  of  alpha- tubulin  were  not  altered  by 
CPO  exposure,  suggesting  that  the  general  structure  of  the 
microtubules  was  not  destroyed.  A  proteomic  analysis  of 
cultured  N2a  neuroblastoma  cells  found  that  treatment  with 
lOpM  diazinon  (an  OP  agent)  increased  the  levels  of  some 
proteins,  decreased  the  levels  of  others,  but  left  tubulin  levels 
unchanged  (Harris  et  al.,  2009).  It  was  suggested  that  diazinon 
exposure  interferes  with  cytoskeletal  networks,  disrupting  the 
structure  and  function  of  microtubules,  microfilaments,  and 
neurofilaments.  Reduced  levels  of  the  cytoskeletal  protein 
microtubule-associated  protein  IB  were  found  in  differentiat¬ 
ing  rat  C6  glioma  cells  following  treatment  with  CPO,  thus 
demonstrating  a  potent  perturbation  effect  of  CPO  on  the 
microtubule  network  (Sachana  et  al,  2008). 

Mechanisms  of  OP  Toxicity  Independent  of  AC hE  Inhibition 

Microtubules  are  polymers  of  tubulin  dimers  that  serve  in 
a  structural  capacity  in  neurons  and  as  tracks  for  transporting  cell 
components  from  the  nucleus  to  the  axons  and  from  the  axons 
back  to  the  nucleus.  Microtubule-associated  proteins  bind  to 
tubulin  and  serve  a  wide  range  of  functions,  including 
stabilizing,  destabilizing,  cross-linking,  and  facilitating  interac¬ 
tions  between  microtubules  and  other  proteins  in  the  cell.  Protein 
binding  to  microtubules  is  regulated  through  phosphorylation. 
For  example,  tubulin  phosphorylated  by  calmodulin-dependent 
protein  kinase  is  not  capable  of  binding  to  microtubule- 
associated  protein  2  or  of  polymerizing  to  microtubules 
(Wandosell  et  al,  1986).  Detachment  of  microtubule-associated 
proteins  from  the  microtubule  is  regulated  by  microtubule 
affinity-regulating  kinase.  Phosphorylation  of  the  associated 
proteins  and  subsequent  detachment  causes  destabilization  and 
destruction  of  the  microtubule.  Hyperphosphorylation  of  the  tau 
protein  causes  disassembly  of  microtubules,  a  phenomenon  seen 
in  Alzheimer’s  disease  (Alonso  et  al,  1994). 

Phosphorylation  of  tubulin  and  tubulin-associated  proteins 
following  challenge  with  OP  agents  has  been  studied  in  vitro, 
in  brain  extracts,  and  in  vivo,  in  rats  and  hens.  Choudhary  et  al 
(2001)  found  in  rats  that  dichlorvos  induced  hyperphosphor¬ 
ylation  of  tubulin  and  microtubule-associated  protein  2, 
resulting  in  destabilization  of  the  microtubule  assembly.  An 
increase  in  phosphorylation  of  microtubule-associated  protein  2 
was  measured  in  the  brain  of  hens  following  a  single  in  vivo 
challenge  with  diisopropylfluorophosphate  (DFP)  (Abou- 
Donia  et  al,  1993).  An  increase  in  the  phosphorylation  of 


tubulin,  myelin  basic  protein,  and  tau  was  found  following 
in  vitro  DFP  treatment  of  brain  extracts  (Gupta  and  Abou-Donia, 
1999).  The  DFP-treated  hen  had  decreased  concentrations  of 
tau  protein  as  well  as  decreased  tubulin  polymerization  (Gupta 
and  Abou-Donia,  1994). 

We  propose  that  the  reduction  in  microtubule  cosedimenting 
proteins  for  microtubules  purified  from  CPO-treated  mice 
resulted  from  direct  organophosphorylation  of  tubulin  by  CPO 
and  perhaps  from  organophosphorylation  of  the  associated 
proteins  as  well.  It  is  also  possible  that  enhanced  phosphor¬ 
ylation  of  tubulin  and  microtubule-associated  proteins  by 
kinases  such  as  CaM  kinase  II  was  triggered  by  CPO  exposure 
(Gupta  and  Abou-Donia,  1999)  and  that  this  contributed  to  the 
dissociation  of  some  of  the  microtubule-associated  proteins  that 
we  observed.  We  further  propose  that  the  dissociation  of  these 
vital  microtubule-associated  proteins  resulted  in  impaired 
microtubule  structure  as  demonstrated  by  the  significant 
reduction  in  their  width  and  height.  Such  structural  alterations 
imply  disruption  of  microtubule  function.  These  results  support 
a  noncholinergic  mechanism  for  OP  neurotoxicity  in  which 
long-lasting  neurotoxicity  is  due  to  OP  modification  of  proteins 
involved  in  axonal  transport. 

The  question  was  raised  how  disruption  of  axonal  transport 
provides  a  better  explanation  of  long-lasting  neurotoxicity  after 
OP  exposure  when  it  is  likely  that  both  the  persistence  of 
microtubule  disruption  and  of  AChE  inhibition  are  short  lived? 
To  address  this  question,  we  offer  the  hypothesis  developed  by 
Scott  Brady  and  his  associates  to  explain  neurodegenerative 
diseases  (Morfini  et  al,  2009).  Their  hypothesis  is  that 
alterations  in  phosphorylation-dependent  intracellular  signaling 
mechanisms  result  in  alterations  of  axonal  transport.  Dysregu- 
lation  of  axonal  transport  causes  axons  to  lose  connectivity  to 
synapses  and  to  slowly  die  back.  The  consequence  is  a  slow 
neurodegeneration.  The  abnormality  that  initiates  these  events 
in  diseases  such  as  Alzheimer’s  and  Huntington’s  is  a  mutation. 
We  propose  that  phosphorylation  abnormalities  can  also  be 
initiated  by  covalent  binding  of  OP.  The  present  work 
demonstrates  covalent  binding  by  OP.  Other  workers  have 
shown  that  treatment  with  OP  leads  to  hyperphosphorylation 
of  neurofilaments,  tau,  calcium/cyclic  AMP  response  element 
binding  protein,  tubulin,  and  microtubule-associated  protein  2 
(Choudhary  et  al,  2001;  Gupta  and  Abou-Donia,  1999;  Gupta 
et  al,  1997;  Schuh  et  al,  2002)  and  to  disruption  of  adenylyl 
cyclase  signaling  and  serotonin-mediated  signal  transduction 
(Aldridge  et  al,  2003;  Song  et  al,  1997).  Thus,  we  propose 
a  mechanism  in  which  low-dose  exposure  to  OP  disrupts 
axonal  transport  for  a  sufficient  length  of  time  to  initiate  an 
irreversible  degradation  of  the  neuron,  which  in  turn  leads  to 
permanent  loss  of  neuronal  function. 
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Human  plasma  and  fatty  acid  free  human  albumin  were  incubated  with  soman  at  pH  8.0  and  25  °C. 
Four  methods  were  used  to  monitor  the  reaction  of  albumin  with  soman:  progressive  inhibition  of  the 
aryi  acylamidase  activity  of  albumin,  the  release  of  fluoride  ion  from  soman,  NMR,  and  mass 
spectrometry.  Inhibition  (phosphonylation)  was  siow  with  a  bimolecuiar  rate  constant  of  15  ±  3 
min“\  MALDI-TOF  and  tandem  mass  spectrometry  of  the  soman-aibumin  adduct  showed  that  albumin 
was  phosphonyiated  on  tyrosine  411.  No  secondary  dealkylation  of  the  adduct  (aging)  occurred.  Covalent 
docking  simulations  and  N  M  R  experiments  showed  that  albumin  has  no  enantiomeric  preference  for 
the  four  stereoisomers  of  soman.  Spontaneous  reactivation  at  pH  8.0  and  25  °C,  measured  as  regaining 
of  aryl  acylamidase  activity  and  decrease  of  covalent  adduct  (pinacolyl  methyl  phosphonyiated  albumin) 
by  NM  R,  occurred  at  a  rate  of  0.0044  h“\  indicating  that  the  adduct  is  quite  stable  (1^2  =  6.5  days).  At 
pH  7.4  and  22  °C,  the  covalent  soman-albumin  adduct,  measured  by  MALDI-TOF  mass  spectrometry, 
was  more  stable  (ty2  =  20  days).  Though  the  concentration  of  albumin  in  plasma  is  very  high  (about  0.6 
mM ),  its  reactivity  with  soman  (phosphonylation  and  phosphotri esterase  activity)  is  too  slow  to  play  a 
major  role  in  detoxification  of  the  highly  toxic  organophosphorus  compound  soman.  Increasing  the 
bimolecuiar  rate  constant  of  albumin  for  organophosphates  is  a  protein  engineering  challenge  that  could 
lead  to  a  new  class  of  bioscavengers  to  be  used  against  poisoning  by  nerve  agents.  Soman-albumin  adducts 
detected  by  mass  spectrometry  could  be  useful  for  the  diagnosis  of  soman  exposure. 


1.  Introduction 

Albumin  is  an  abundant  protein  that  represents  50-60%  of 
the  total  protein  in  human  plasma  and  body  fluids.  Its  concentra¬ 
tion  in  plasma  is  about  0.6  mM .  Albumin  displays  both  an 
esterase  activity  (1)  and  an  aryl  acylamidase  activity  (2, 3).  The 
topology  of  the  esterase/amidase  active  site  of  albumin  has  been 
probed  by  site-directed  mutagenesis  (4)  and  X-ray  structure 
determination  of  several  drug-albumin  complexes  (5).  Tyr411 
was  determined  to  be  the  catalytic  nucleophile  in  these  reactions. 

Albumin  is  also  known  to  bind  organophosphates  (OPs^)  and 
carbamates  (6-8)  and  to  react  with  them  (9-11).  OPsand  certain 
carbamates  are  actually  hydrolyzed  by  albumin  through  transient 
phosphylation/alkylation  of  its  active  site  (12-17).  The  residue 
that  reacts  with  OPs  was  proven  to  be  a  tyrosine  (9-11, 14, 18). 
DF^^P-labeling  of  human  albumin  followed  by  peptide  sequenc¬ 
ing  showed  that  the  labeled  tyrosine  is  in  the  tetrapeptide 
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sequence  A  rg-Tyr-Thr-Lys  (9).  Arg  and  Tyr  were  subsequently 
identified  as  Arg  410  and  Tyr  411,  the  key  residues  of  the 
esteratic  site  of  HSA  (4).  Recently,  DFP-inhibition  of  the  aryl 
acylamidase  (AAA)  activity  of  FAF-HSA  confirmed  that  Tyr 
411  is  also  the  nucleophilic  pole  of  the  albumin  AAA  activity 
(2).  Finally,  MALDI-TOF  mass  spectrometry  provided  direct 
evidence  that  the  OPschlorpyrifos-oxon,  dichlorvos,  DFP,  and 
sarin  bind  covalently  to  human  albumin  at  Tyr  411  (19). 

In  the  present  work,  we  investigated  the  reaction  of  human 
albumin  with  soman.  MALDI-TOF  and  quadrupole  tandem  M  SI 
M  S  mass  spectrometry  of  the  soman-albumin  adduct  showed 
that  Tyr411  was  phosphonyiated.  Unlike  soman  adducts  of 
butyrylcholinesterase,  the  albumin-soman  adduct  did  not  age, 
that  is,  lose  its  pinacolyl  chain.  Covalent  docking  simulations 
and  ^^P  NMR  experiments  indicated  that  there  was  no  enan¬ 
tiomeric  preference  of  albumin  for  the  stereoisomers  of  soman. 
Kinetic  parameters  of  albumin  phosphonylation  by  soman  and 
subsequent  dephosphonylation  were  determined. 

Our  results  could  have  application  for  the  detection  of  soman 
exposure  in  humans.  M  ass  spectrometry  could  be  used  to  detect 
soman-albumin  adducts.  In  addition,  antibodies  to  the  soman- 
albumin  adduct  could  be  generated  for  use  in  a  rapid  antibody- 
based  assay  of  soman  exposure.  Lastly,  mutants  of  albumin 
could  lead  to  a  new  class  of  scavengers  against  OP  poisoning. 

2.  Experimental  Procedures 

2.1.  Chemicals.  Fatty  acid-free  human  albumin  (FAF-HSA)  and 
porcine  pepsin  were  from  Sigma  Chemical  Co.  (Saint  Quentin 
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Fallavier,  France).  o-NTFNAC  was  a  gift  from  Dr.  Sultan  Darvesh 
(Dal housie  University,  Halifax,  Canada).  Racemic  soman  (pinacolyl 
methylfluorophosphate)  dissolved  in  isopropanol  was  from  CEB 
(Vert-le-Petit,  France).  All  other  chemicals  were  of  biochemical 
grade. 

The  concentration  of  racemic  soman  in  the  stock  solution  was 
determined  by  programmed  temperature  gas  chromatography  after 
hydrolysis  into  methylpinacolyl  phosphonic  acid  and  derivatization 
with  pentafluorobenzyl  bromide  (20).  It  was  4.73  mg/mL  (26  mM ). 

NM  R  spectra  of  2  mM  soman  in  deuterated  dimethylsulfoxide 
were  recorded  at  27  °C  on  a  Bruker  spectrometer  (A  M  400,  9.4  T). 
The  spectra  showed  that  the  four  stereoisomers  are  present  in  nearly 
equimolar  amounts.  Soman  has  two  chiral  centers.  The  absolute 
configuration  of  the  four  diastereo isomers  is  known.  Pg,  Pr,  Cg, 
and  Cr  correspond  to  the  old  notation  P-  P+,  C+,  and  C-, 
respectively.  Thus,  isomers  PgCg  =  P-C+,  PsCr  =  P-C-,  PrCr 
=  P+C-,  and  PrCs  =  P+C+.  Stereoisomers  PgCg  and  PsCr  are 
the  most  active  toward  the  biological  target  acetylcholinesterase 
(21). 

2.2.  Aryl  Acylamidase  Enzymatic  Assay  of  Albumin.  The 

AAA  activity  of  albumin  was  assayed  with  o-NTFNAC  (2  mM) 
as  the  substrate  in  60  mM  Tris/HCI  buffer  at  pH  8.0  at  25  °C.  A 
60  mM  stock  solution  of  o-NTFNAC  was  prepared  in  50%  water/ 
acetonitrile  (v/v).  Because  isopropanol  is  the  solvent  for  soman, 
isopropanol  was  also  added  to  the  buffer  in  the  control  assay  for 
the  AAA  activity  of  albumin  in  the  absence  of  soman.  The  final 
concentration  of  acetonitrile  in  the  assay  was  3.3%  and  that  of 
isopropanol  was  2%.  The  release  of  the  phenolic  product  (o- 
nitroaniline)  was  monitored  for  5  min  at  430  nm  (s  =  3954  M 
cm“^)  according  to  Darvesh  et  al.  (22).  Because  of  the  low 
enzymatic  activity  of  albumin  with  o-NTFNAC  (3),  high  concentra¬ 
tions  of  FA  F-HSA  were  used  in  assays  (0.075  mM  final).  M  easured 
rates  were  corrected  for  spontaneous  hydrolysis  of  o-NTFNAC. 

2.3.  Mass  Spectrometry  (MALDI-TOF  and  Quadrupole 
M  S/MS)  of  the  Soman-Albumin  Adduct  from  Human  Plasma. 
One  hundred  microliters  of  human  plasma  was  mixed  with  2.3  jui 
of  stock  soman  (26  mM  in  isopropanol)  to  give  a  reaction  mixture 
containing  600  juM  soman  (in  2.3%  isopropanol).  The  mixture  was 
incubated  at  room  temperature  for  3-7  days  before  processing.  No 
buffer  was  added  to  the  plasma  during  this  step.  The  pH  of  a  10 
jul  aliquot  was  reduced  to  pH  2.3  by  adding  10  /ul  of  1% 
trifluoroacetic  acid.  Proteins  were  digested  with  0.5  jug  of  pepsin 
for  2  h  at  37  °C.  At  pH  2.3,  selective  proteolysis  at  the  C -terminal 
side  of  the  leucine  and  phenylalanine  residues  is  expected.  There 
was  no  need  to  denature  the  proteins  or  to  reduce  and  alkylate  the 
disulfide  bonds  because  the  peptides  of  interest  were  released 
without  these  added  steps.  Peptides  were  separated  on  a  C 18  reverse 
phase  column  on  a  Waters  625  LC  system  with  a  40  min  gradient 
starting  with  85%  buffer  A  (0.1%  trifluoroacetic  acid  in  water), 
15%  buffer  B  (acetonitrile  containing  0.07%  trifluoroacetic  acid), 
and  ending  with  65%  buffer  A  and  35%  buffer  B.  One  milliliter 
fractions  were  reduced  in  volume  to  200 /^L  in  a  vacuum  centrifuge, 
and  1  jul  was  analyzed  by  MALDI-TOF  with  a  2,5-dihydroxy- 
benzoic  acid  matrix.  M  ass  spectra  were  acquired  with  the  Applied 
BiosystemsVoyager  DE-PRO  MALDI-TOF  mass  spectrometer  in 
linear  positive  ion  mode.  The  spectrometer  was  calibrated  using 
standard  peptides  (Applied  Biosystems  M  ixture  1).  A  control  plasma 
sample  was  identically  treated,  except  that  it  was  incubated  with 
3.1%  isopropanol  rather  than  with  soman. 

M  S/M  S  spectra  were  acquired  on  a  Q-T rap  2000  triple  quadru¬ 
pole  linear  ion  trap  mass  spectrometer  (Applied  Biosystems,  M  DS 
Sciex,  FosterCity,  CA)  with  a  nano  electrospray  ionization  source. 
Samples  were  infused  into  the  mass  spectrometer  at  0.35  /^L/min 
via  a  fused  silica  emitter  (360  jum  o.d.,  20  jum  i.d.,  15  jum  taper. 
New  Objective,  Woburn,  MA)  using  a  Harvard  syringe  pump  to 
drive  a  25  jul  Hamilton  syringe  equipped  with  an  inline  0.25  juvo 
filter.  Samples  were  sprayed  with  50%  acetonitrile  and  0.1%  formic 
acid.  M  ass  spectra  were  calibrated  using  fragment  ions  generated 
from  collision-induced  dissociation  of  Glu  fibri nopeptide  B  (Sigma). 
Enhanced  product  ion  scans  were  obtained  with  a  collision  energy 
of  50  ±  5  V  and  a  pure  nitrogen  gas  pressure  of  4  x  10^^  Torn 


The  final  enhanced  production  scan  was  the  average  of  105  scans. 
Ions  were  identified  by  manual  sequencing. 

2.4.  NM  R  Spectroscopy.  N  M  R  spectra  for  the  reaction 
between  albumin  (0.78  mM  or  1.3  mM )  and  soman  (1.3  mM )  in 
60  mM  Tris/HCI  buffer  at  pH  8.0  were  recorded  at  27  °C  on  a 
B  ruker  A  M  400N  B  spectrometer  operating  at  162  M  H  z.  The  spectra 
were  acquired  using  successive  8  acquisition  blocks  of  5,000 
accumulated  scans  (acquisition  time:  3  h/spectrum)  using  30  kHz 
spectral  width,  32,000  acquisition  points,  and  a  composite  pulse 
proton  decoupling  (CPD  mode).  The  external  reference  for  chemical 
shifts  was  85%  (w/v)  H3PO4.  Spectra  were  compared  to  the 
spectrum  of  soman  in  buffer  and  the  spectrum  of  methyl  pinacolyl 
phosphonate  (M  PP)  in  the  presence  and  absence  of  albumin.  M  PP 
was  made  by  the  complete  hydrolysis  of  soman  in  5  N  sodium 
hydroxide. 

2.5.  Kinetic  Studies  of  the  Reaction  of  Aibumin  with 
Soman.  2.5.1.  Residuai  AAA  Activity.  FA  F-HSA  (780^M)was 
incubated  with  120  to  1300  juM  concentrations  of  racemic  soman 
in60mM  Tris/HCI  buffer  at  pH  8.0  at  25  °C.  The  time  dependence 
of  the  inhibition  of  albumin  by  soman  was  monitored  by  following 
the  residual  AAA  activity  of  albumin.  M  easurements  of  the  AAA 
residual  activity  were  performed  on  100  jul  aliquots  of  reaction 
mixture,  using  the  sampling  method  (23). 

2.5.2.  Monitoring  the  Release  of  Fluoride  from  Soman.  The 
release  of  fluoride,  that  is,  the  leaving  group  of  soman,  upon  the 
reaction  of  soman  with  albumin  and  spontaneous  hydrolysis  was 
monitored  by  ionometry  using  a  thermostatted  ionometer  (Radi¬ 
ometer  lONcheck  45)  equipped  with  an  ion-selective  electrode  for 
fluoride  (ISE  301F).  FA  F-HSA  (780 /^M  )  was  incubated  with  520, 
780,  and  1300  fiM  concentrations  of  racemic  soman  in  60  mM 
Tris/HCI  buffer  at  pH  8.0  at  25  °C,  and  the  concentration  of  released 
fluoride  was  assayed.  The  spontaneous  hydrolysis  of  soman  was 
determined  under  the  same  conditions. 

2.5.3.  Kinetic  NMR  Spectroscopy.  To  follow  the  phos- 
phonylation  reaction,  1.33  mM  FA  F-HSA  was  incubated  with  1.35 
mM  soman  in  60  mM  Tris/HCI  buffer  at  pH  8.0  at  25  °C  in  the 
presence  of  deuterated  DM  SO  (10%  v/v  final).  The  successive 
spectra  were  recorded  every  20  min  (800  scans)  over  4  h. 
Concentrations  of  the  different  species  were  plotted  as  a  function 
of  time.  To  follow  the  reactivation  of  phosphonylated  albumin,  1.3 
mM  FA  F-HSA  was  reacted  with  one  equivalent  of  racemic  soman 
in  60  mM  Tris/HCI  buffer  at  pH  8.0.  Then,  the  phosphonylated 
albumin  solution  was  maintained  at  25  °C,  and  spectra  were 
recorded  every  2  h  over  60  h.  K  inetic  constants  for  the  spontaneous 
hydrolysis  of  soman,  phosphonylation  of  albumin,  and  reactivation 
of  albumin  (dephosphonylation)  were  determined  by  fitting  data 
against  the  numeric  solution  of  differential  equations  that  describe 
Scheme  1,  using  Mathematica  5  (Wolfram  Research). 

2.5.4.  Kinetic  M  ass  Spectrometry.  The  stability  of  the  covalent 
soman-albumin  adduct  was  measured  on  a  MALDI-TOF -TOF 
4800  mass  spectrometer  (Applied  Biosystems).  Human  albumin  was 
labeled  by  incubating  a  1  mg/mL  solution  (15 /^M )  in  10  mM  T ris/ 
HCI  at  pH  8.0  with  200  /^M  soman  for  24  h  at  room  temperature. 
After  this  time,  the  concentration  of  active  soman  was  negligible 
as  determined  by  measuring  the  inhibition  of  human  butyrylcho- 
linesterase.  The  albumin  solution  was  diluted  to  0.1  mg/mL  with 
0.01%  sodium  azide  in  water  and  the  pH  adjusted  to  7.4.  The  200 
jul  solution  was  stored  at  22  °C.  Every  2  or  3  days,  a  lOful  aliquot 
was  acidified  with  10  ful  of  1%  trifluoroacetic  acid  and  digested 
with  2  /^L  of  1  mg/mL  porcine  pepsin  (dissolved  in  10  mM  HCI). 
The  digest  was  incubated  at  37  °C  for  1-4  h,  and  then  0.5  lA.  was 
spotted  on  a  M  ALDI  target  plate.  The  dry  spot  was  overlaid  with 
0.5  ful  of  10  mg/mL  a-cyano-4-hydroxycinnamic  acid  in  50% 
acetonitrile  and  0.1%  trifluoroacetic  acid.  MS  scans  in  reflector 
mode  were  acquired  at  3000  V  by  summing  500  laser  shots  per 
scan.  The  percent  label  on  Tyr  411  was  calculated  from  cluster 
areas.  Peptide  masses  acquired  in  reflector  mode  are  monoisotopic, 
which  makes  their  mass  about  1  amu  lower  than  the  average  mass 
acquired  in  linear  mode. 
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2.6.  M  olecular  M  odeling.  2.6.1.  Noncovalent  Docking.  Dock¬ 
ing  calculations  were  carried  out  using  two  programs:  (1)  Autodock, 
version  3.0.5,  with  the  Lamarckian  genetic  algorithm  (LGA  (24)) 
and  (2)  Gold,  version  3.1  (CCDC  Software,  Ltd).  Docking  with 
A  utodock  employed  the  following  procedure.  The  molecular  models 
of  the  four  diastereoisomers  of  soman  were  built  and  minimized 
with  the  MM2  force  field  of  Chem3D  (Cambridge  soft.).  The 
structure  of  HSA  was  prepared  from  the  crystal  structure  of  its 
complex  with  indoxyl  sulfate  (pdb  code  2bxh)  or  warfarin  (pdb 
code  2bxd)  to  take  into  account  the  heterogeneity  of  conformation 
of  Val433.  Molecules  of  water  and  ligands  were  removed  from 
the  model.  Soman  and  HSA  were  further  prepared  using  Autodock 
Tools  1.4  (25).  The  3D  affinity  grid  box  was  designed  to  include 
the  full  pocket  near  Tyr411.  The  number  of  grid  points  in  the  x-, 
y-,  and  z-axes  was  60,  60,  and  60  with  grid  points  separated  by 
0.375  A .  Docking  calculations  were  set  to  100  runs.  At  the  end  of 
the  calculation.  Autodock  performed  cluster  analysis.  Docking 
solutions  with  ligand  all-atom  root-mean-square  deviation  (rmsd) 
within  1.0  A  of  each  other  were  clustered  together  and  ranked  by 
the  lowest  energy  representative.  The  lowest-energy  solution  was 
accepted  as  the  one  most  representative  of  the  soman-HSA 
complex.  Docking  with  Gold  employed  the  following  procedure. 
Protein  structures  were  protonated  and  minimized  by  conjugate 
gradients  using  Gromacs  3.3  (26,  27)  and  the  parameter  set  53A6 
(28).  Ligands  were  built  into  the  Sybyl  7.2  package  (Tripos  Inc.). 
The  Mopac-PM3  (29)  semiempirical  method  was  chosen  for 
geometry  optimization  and  calculation  of  atomic  charges.  The  cavity 
was  defined  as  residues  having  atoms  up  to  15  A  from  theTyr411 
hydroxyl  group.  We  used  long  search  settings  for  the  Gold  GA:  40 
docking  with  parameters  corresponding  to  the  default  200%  search 
efficiency  settings.  The  final  selection  of  conformers  was  based  on 
the  two  scoring  functions,  Goldscore  (30)  and  Chemscore  (31). 

2.6.2.  Covalent  Docking.  This  simulation  was  carried  out  using 
Gold,  version  3.1  with  GA  settings  similar  to  those  for  noncovalent 
docking.  We  used  the  same  proteins  as  before,  and  the  results  were 
scored  using  both  Goldscore  and  Chemscore  functions.  The  fluorine 
atom  from  each  of  the  four  soman  stereoisomers  was  replaced  by 
a  hydroxyl  group,  and  the  phosphorus  stereochemistry  was  inverted 
to  get  the  right  configuration  when  the  phosphorus  atom  binds  to 
the  T yr411  Oy.  The  highest  score  isomers  were  chosen  as  the  ones 
giving  the  lowest  AHf  when  estimating  the  energy  of  the  system 
with  M  opac-PM  3.  To  reduce  the  number  of  atoms  in  our  system, 
we  removed  residues  having  all  atoms  further  than  5  A  from  any 
soman  atoms. 

3.  Results 

3.1.  Mass  Spectrometry  to  Identify  the  Covalent  Bind¬ 
ing  of  Soman  to  Tyrosine  411.  Peptic  digests  of  soman-labeled 
and  control  human  plasma  were  separated  by  HPLC.  M  atched 
fractions  from  the  two  preparations  were  examined  by  MALDI- 
TO  F  mass  spectrometry.  M  A  L  D I  -TO  F  signaisfor  soman-al  bumi  n 
and  control  albumin  peptides  are  shown  in  Figure  1.  A  peptide 
with  mass  1880  amu  is  present  in  fraction  21  from  the  soman- 
labeled  preparation  (Figure  1,  panel  B).  This  mass  is  consistent 
with  the  peptide  (L)VRY*TKKVPQVSTPTL(V)  (1718  amu, 
from  residues  409-423  of  the  mature  albumin  sequence)  with 
an  added  mass  of  162  amu  from  soman.  A  peptide  with  mass 
1993  amu  is  present  in  fraction  23  from  the  soman-labeled 
preparation  (Figure  1,  panel  D).  This  mass  is  consistent  with 
the  peptide  (L )L V  RY  *TK  K V  PQV STPTL (V )  (1831  amu,  from 
residues  408-423  of  the  mature  albumin  sequence,  representing 
a  missed  peptic  cleavage)  with  an  added  mass  of  162  amu  from 
soman.  The  parallel  fractions  from  control  human  plasma  do 
not  have  peptides  of  these  masses  (Figure  1,  panels  A  and  C). 
However,  other  prominent  peaks  are  present  at  identical  masses 
in  both  the  control  and  soman-labeled  spectra  (compare  panels 
A  to  B,  and  C  to  D),  confirming  that  the  fractions  are  matched 
with  regard  to  HPLC  elution  and  relative  mass  spectral 


Figure  1.  MALDI-TOF  mass  spectra  of  peptic  peptides  from  the 
soman-albumin  adduct.  Panels  A  and  C,  control  human  plasma 
digested  with  pepsin  and  fractionated  by  HPLC,  but  not  treated  with 
soman.  Panels  B  and  D,  human  plasma  treated  with  soman  before 
digestion  with  pepsin  and  fractionation  by  HPLC.  Soman-labeled 
albumin  peptides  of  1880  and  1993  amu  include  162  amu  from  soman. 


sensitivity.  Tyr411  is  present  in  both  peptides  (indicated  by  the 
star),  supporting  the  proposal  that  soman  binds  covalently  to 
Tyr411  of  human  albumin  in  plasma.  Peptides  with  an  added 
mass  of  162  from  soman,  but  not  with  an  added  mass  of  78 
were  found.  This  indicates  that  the  soman  adduct  does  not  lose 
the  pinacolyl  group  when  soman  is  bound  to  albumin.  Thus, 
the  soman-albumin  adduct  does  not  age. 

An  additional  experiment  was  performed  to  demonstrate  by 
a  second  mass  spectrometry  method  that  soman  was  covalently 
bound  to  Tyr  411  of  human  albumin.  HPLC  fraction  21 
containing  the  soman-labeled  albumin  peptide  at  1880  m/z  was 
infused  into  the  Q-Trap,  quadrupole  mass  spectrometer.  The 
enhanced  mass  spectrum  showed  a  peak  at  940.7  m/z,  which  is 
consistent  with  the  doubly  charged  form  of  the  1880  peptide. 
This  peptide  was  subjected  to  collision-induced  dissociation. 
The  resulting  enhanced  product  ion  spectrum  yielded  amino  acid 
sequence  information  consistent  with  the  sequence  VRYT- 
KKV  PQV  STPTL,  with  soman  covalently  bound  to  tyrosine  (see 
Figure  2). 

The  prominent  peak  at  898.6  m/z  is  a  doubly  charged  ion,  42 
mass  units  less  than  the  parent  ion  at  940.7  m/z.  This  is 
consistent  with  the  loss  of  the  pinacolyl  group  (84  mass  units) 
from  the  doubly  charged  parent  to  form  a  doubly  charged 
product  retaining  methyl phosphonic  acid.  A  comparable  42  amu 
loss  from  the  parent  ion  was  seen  in  the  enhanced  product  ion 
spectrum  of  the  LVRYTKKV  PQV  STPTL  peptide  (data  not 
shown).  Preferential  loss  of  the  pinacolyl  group  seems  to  be  a 
characteristic  feature  of  soman-labeled  peptides  when  they  are 
fragmented  in  the  mass  spectrometer,  as  the  soman-labeled 
butyrylchol inesterase  peptide  also  lost  the  pinacolyl  group  during 
the  collision  process  (32,  33). 

The  940.7  m/z  parent  ion  in  Figure  2  included  the  pinacolyl 
group  of  soman.  This  is  a  significant  point  because  it  demon¬ 
strates  that  soman  had  not  lost  the  pinacolyl  group  while  bound 
to  intact  albumin  protein  or  during  digestion  and  HPLC 
separation.  The  pinacolyl  group  only  dissociated  when  the 
peptide  was  subjected  to  collision-induced  dissociation  in  the 
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Figure 2.  Product  ion  spectrum  of  the  soman-labeled  human  albumin  peptic  peptide.  The  doubly  charged  parent  ion  at  940.7  m/z  yielded  fragments 
consistent  with  the  sequence  VRY*TKKVPQVSTPTL,  where  *  indicates  soman  covalently  bound  to  tyrosine  411.  The  accession  number  for 
human  albumin  is  Gl:28592.  In  this  resource,  Tyr  411  is  given  asTyr  435  because  the  numbering  begins  with  the  24-amino  acid  signal  peptide. 


mass  spectrometer.  The  presence  of  the  pinacolyl  group  in  the 
parent  ion  demonstrates  that  soman  did  not  age  when  bound  to 
albumin. 

At  least  four  separate  Ion  series  from  the  VRYT- 
K  KV  PQV  STPTL  peptide  could  be  extracted  from  the  spectrum 
in  Figure  2.  Only  the  y  and  b  ion  series  are  indicated  in  the 
Figure  for  the  sake  of  clarity. 

The  peptide  [VRY*T]KKV[PQ]  was  seen  as  part  of  the  b-ion 
series.  The  masses  of  all  five  observed  fragments  were  consistent 
with  the  indicated  amino  acid  sequence  plus  78  amu  for  the 
added  mass  of  a  methyl  phosphonic  acid.  The  only  residue  in 
this  sequence  capable  of  forming  a  methyl  phosphonic  acid 
adduct  is  the  tyrosine,  establishing  this  as  the  modified  amino 
acid  in  the  peptide,  The  presence  of  a  78  amu  added  mass  on 
the  observed  fragments,  rather  than  162  amu,  indicates  that  the 
pinacolyl  group  is  dissociated  from  the  peptide,  in  the  collision 
chamber,  prior  to  the  onset  of  backbone  fragmentation. 

The  peptide  [PO][VS]TP[TL]  was  seen  as  part  of  the  y-ion 
series.  The  masses  of  the  observed  fragments  were  consistent 
with  only  the  amino  acids,  unencumbered  with  any  adduct  mass. 
Thus,  the  potentially  phosphonylated  serine  was  not  labeled, 
supporting  the  assignment  of  the  tyrosine  as  the  modified  amino 
acid. 

The  complete  amino  acid  sequence  of  peptide  VRY*TKKV 
PQVSTPTL  was  represented  by  these  two  ions,  These  results 
confirm  the  conclusion  that  soman  covalently  binds  to  Tyr  411 
of  human  albumin. 

3.2.  Kinetics  for  the  Phosphonyiation  of  Aibumin  by 
Soman  and  for  the  Reactivation  of  Phosphonyiated  Aibumin. 
3.2.1.  Phosphonyiation  of  Aibumin  by  Soman.  Because  of 
the  low  reactivity  of  albumin  with  esters,  aryl  amides  (1,  3), 


and  DFP  (10),  a  low  soman  phosphonyiation  rate  was  expected. 
Therefore,  the  phosphonyiation  of  albumin  by  soman  was  carried 
out  under  second-order  conditions  (3,  34),  that  is,  the  initial 
concentrations  of  soman,  [SJq,  and  albumin,  [AJq,  were  not  very 
different.  Asa  result,  the  concentrations  of  the  uncomplexed 
forms  of  both  reactants  varied  with  time  during  the  reaction. 

Albumin  (0.78  mM  )  was  phosphonylated  by  sub  and  super- 
stoichiometric  amounts  of  racemic  soman  (0,32  to  1.3  mM )  that 
inhibited  albumin's  aryl  acylamidase  activity.  Reaction  was 
monitored  by  following  albumin's  aryl  acylamidase  (AAA) 
activity.  Inspection  of  the  inhibition  time  courses  (Figure  3) 
indicated  that  less  albumin  was  inhibited  by  soman  than  would 
have  been  expected  from  a  stoichiometric  reaction  with  the  total 
amount  of  soman  in  the  reaction.  For  example,  in  the  presence 
of  a  2-fold  excess  of  soman,  100%  inactivation  of  the  AAA 
activity  of  albumin  was  never  reached.  The  titration  plot  (not 
shown)  for  0.78  mM  albumin  incubated  with  different  concen¬ 
trations  of  soman  (0.38,  0.65,  0.81,  and  1.30  mM )  confirmed 
this  observation.  This  suggests  either  that  a  large  part  of  soman 
spontaneously  hydrolyzed  in  the  nucleophilic  Tris/HCI  buffer 
at  pH  8.0  or  that  albumin  reacted  stereoselectively  with  specific 
stereoisomers  of  soman. 

3.2.2.  Determination  of  Fiuoride  Reieased  during  the 
Reaction  of  Soman  with  Aibumin.  In  an  effort  to  decide 
whether  the  substoichiometric  reaction  of  soman  with  albumin 
was  due  to  a  competing  spontaneous  hydrolysis  of  soman  or  to 
a  stereoselective  reaction  of  albumin  with  soman,  ionometric 
measurements  of  fluoride  released  from  soman  in  the  presence 
and  absence  of  albumin  were  performed  (Figure  4).  It  was  found 
that  spontaneous  hydrolysis  of  soman  in  60  mM  T ris/H  Cl  buffer 
at  pH  8,0  at  25  °C  was  high,  The  rate  constant  for  hydrolysis 
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Figures.  Progressive  inhibition  oftheAAA  activity  of  FA  F-HSA  {[E] 
=  0.78  mM )  by  different  concentrations  of  racemic  soman  (•,  0.324 
mM :  O,  0.520  mM ;  jc,  0.780  mM )  in  60  mM  T ris/FICI  buffer  at  pFI 
8.0  at  25  °C.  A  piot  of  %  residuai  AAA  activity  of  aibumin  vs  time. 
The  progress  curves  reach  a  piateau  after  consumption  of  the  reactive 
soman. 


Figure  4.  Time  course  of  fluoride  ions  released  from  soman,  in  the 
presence  and  absence  of  FAF-HSA.  Soman  ([S]o  =  •O,  0.52,  aa, 
0.78,  ■□,  1.3  mM )  was  incubated  with  albumin  ([E]  =  0.78  mM )  (filled 
symbols),  or  soman  was  incubated  by  itself  through  spontaneous 
hydrolysis  (open  symbols  on  continuous  curves).  Both  reactions  were 
in  60  mM  Tris/FICI  at  pH  8.0. 

of  soman  (k^o)  was  0.00342  ±  0.00007  min“\  In  the  presence 
of  albumin,  the  rate  of  fluoride  release  was  significantly  higher. 
Semiquantitative  analysis  of  progress  curves  shows  not  only 
that  spontaneous  hydrolysis  of  soman  occurred  at  rates  com¬ 
parable  to  the  phosphonylation  rates  of  albumin  but  also  that 
albumin  itself  provides  a  physicochemical  environment  that 
enhances  the  spontaneous  hydrolysis  of  soman.  The  following 
is  an  example  of  this  semiquantitative  analysis. 

The  filled  squares  in  Figure  4  describe  the  release  of  fluoride 
after  mixing  1.3  mM  soman  with  0.78  mM  FAF-HSA.  After  100 
min  of  incubation,  0.3  mM  albumin  was  inhibited  (see  Figure  3) 
so  that  the  phosphonylation  of  albumin  accounts  for  0,3  mM  of 
released  fluoride,  Over  this  time  period,  about  0.9  mM  fluoride 
was  released.  Spontaneous  hydrolysis  of  1.3  mM  soman  (□  in 
Figure  4)  accounts  for  about  0.35  mM  of  released  fluoride.  This 
leaves  about  0.25  mM  fluoride  unaccounted  for.  Thus,  the  release 
of  this  extra  fluoride  suggests  that  the  hydrolysis  of  soman  at  pH 


8,0  is  faster  in  the  presence  of  albumin  than  in  buffer  alone, 
H  owever,  dephosphonylation  of  the  T yr411  adduct  is  far  too  slow 
(0.0044  ±  0.0008  h“^  see  section  3.2.5)  to  account  for  this 
albumin-dependent  hydrolysis  of  soman.  Thus,  this  suggests  that 
this  catalysis  takes  place  at  a  different  site.  However,  only  one 
soman  adduct  on  albumin  was  detected  by  MALDI-TOF,  This 
finding  is  consistent  with  reports  on  the  phosphonylation  of  bovine 
semm  albumin  by  FP-biotin  (18)  and  the  phosphorylation  of  human 
serum  albumin  by  diisopropylfluorophosphate  (9).  Therefore,  it  may 
be  hypothesized  that  albumin-mediated  hydrolysis  of  soman  occurs 
via  a  mechanism  that  does  not  involve  a  covalent  intermediate. 
N  evertheless,  this  catalytic  effect  is  extremely  weak,  about  2  times 
higher  than  spontaneous  hydrolysis,  and  may  be  tentatively 
regarded  as  a  nonenzymatic,  physicochemical  interfacial  reaction. 
H  owever,  we  cannot  rule  out  the  existence  of  a  second  active  center. 

3.2.3.  Is  There  E nantioselectivity  in  the  Reaction  of 
Albumin  with  Soman?  Racemic  soman  is  an  equimolar  mixture 
of  four  stereoisomers,  Though  experiments  on  the  release  of 
fluoride  argue  against  the  enantioselectivity  of  albumin  for  certain 
soman  isomers,  the  possibility  that  albumin’s  reaction  with  soman 
is  stereoselective  was  tested  directly  using  N  M  R.  Each  of  the 
intact  isomers  of  soman  (Ps-  and  Pr-)  generates  a  doublet  in  ^^P 
NM  R  (Figure  5,  panel  A).  Soman  completely  hydrolyzed  in  5  N 
sodium  hydroxide  gives  methylphosphonate(M  P)  (Figure  5,  panel 
B);  the  hydrolysis  of  soman  at  pH  8,0  gives  pinacolyl  methylphos- 
phonate  PM  P  (Figure  5,  panel  D)  (35), 

The  reaction  between  1.3  mM  racemic  soman  and  0.78  mM 
albumin  was  monitored  over  24  h  by  recording  ^^P  NMR 
spectra.  Initial  spectra  showed  the  progressive  disappearance 
of  the  intact  soman  peaks  with  the  concomitant  appearance  of 
three  broader  resonance  peaks,  of  80  Hz  line  width  (Figure  5, 
panel  C).  After  2  h  of  incubation,  signals  for  intact  soman  had 
vanished.  At  this  point  in  the  reaction,  the  spectrum  of  the 
products  was  compared  to  a  spectrum  of  methylpinacolyl 
phosphonate  (M  PP),  M  PP,  created  under  mild  conditions  of 
hydrolysis,  showed  a  peak  at  23.74  ppm,  That  peak  was 
unaffected  by  the  presence  of  albumin  (Figure  5,  panel  D).  The 
most  prominent  peak  in  the  soman/albumin  reaction  mixture 
(the  23.74  ppm  peak,  f,  in  Figure  5,  panel  C)  can  therefore 
be  assigned  to  M  PP.  For  longer  reaction  times  (up  to  24  h), 
the  M  PP  peak  increased  at  the  expense  of  the  other  two  peaks 
in  Figure  5,  panel  C.  This  strongly  suggests  that  peaks  e  and  d 
(at  25,59  and  27.56  ppm)  correspond  to  the  Ps-  and  Pr- 
covalent  adducts  of  soman  bound  to  albumin  and  that  there  is 
a  slow,  spontaneous  release  of  M  PP  from  the  of  phosphonlyated 
albumin.  Such  a  release  can  be  described  as  reactivation. 

The  fact  that  after  2  h  of  reaction  between  albumin  and  soman, 
adduct  peaks  d  and  e  have  the  same  intensity  indicates  that 
albumin  reacted  with  the  same  probability  with  both  the  Ps- 
and  Pr-  soman  enantiomers.  Thus,  there  is  no  enantiomeric 
preference  of  albumin  for  the  soman  isomers. 

3.2.4.  Effect  of  MPP  on  Phosphonylation  of  Albumin 
by  Soman.  Because  a  large  part  of  soman  was  hydrolyzed  into 
M  PP  in  Tris  buffer  at  pH  ko  during  the  time  course  of  the 
phosphonylation  reaction  (Figure  5,  panel  C),  we  tested  the 
hypothesis  that  M  PP  could  compete  with  soman  for  noncovalent 
binding  to  the  Tyr411  site  and  thereby  slow  down  the  phos¬ 
phonylation  reaction.  We  found  that  phosphonylation  of  (0.75 
mM )  albumin  by  soman  (1,3  mM  )  in  the  presence  of  1.3  mM 
M  PP  caused  no  change  in  the  progressive  inhibition  of  the  AAA 
activity  of  albumin.  Thus,  M  PP  does  not  compete  with  soman. 

3.2.5.  Spontaneous  Reactivation  of  Soman-Inhibited 
Albumin  Monitored  by  ^^P  NMR  and  MALDI-TOF.  Fluoride 
has  been  shown  to  promote  dephosphonylation  of  albumin  (36). 
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Figure  5.  NM  R  spectra  of  soman  in  the  presence  and  absence  of 
albumin.  Panel  A  shows  2  mM  racemic  soman  in  dimethylsulfoxide- 
dg.  The  four  stereoisomers  are  indistinguishable.  The  four  resonance 
peaks  correspond  to  the  two  doublets  of  the  two  pairs  of  diastereo- 
isomers  (35).  Panel  B  shows  methyl  phosphonate  (M  P)  (a  product  of 
soman  hydrolysis  in  5  N  NaOH).  Panel  C  shows  1.3  mM  racemic  soman 
after  reaction  (2  h)  with  0.78  mM  albumin,  in  60  mM  Tris/HCI  at  pH 
8;  d  and  e  correspond  to  the  Pr  and  Pg  adducts  of  albumin,  and  f  is  the 
product  of  the  spontaneous  hydrolysis  of  soman  and  methyl  pinacolyl 
phosphonate  (MPP).  Panel  D  shows  1.3  mM  methyl  pinacolyl  phos¬ 
phonate  (M  PP)  in  the  presence  of  1.3  mM  albumin.  The  observed  peak 
is  that  of  uncomplexed  M  PP  (35). 

However,  because  of  the  low  nucleophilicity  of  fluoride  ion,  it 
seems  unlikely  that  reactivation  was  mediated  by  the  fluoride  ions 
released  during  the  phosphonylation  step  ([F“]  <  1.3  mM  for  the 
highest  soman  concentration  used).  Following  the  reactivation  rate 
by  measuring  the  recovery  of  the  AAA  activity  was  not  accurate; 
therefore,  NM  R  spectral  kinetics  was  used  instead. 

FAF-HSA  (1.3  mM )  was  inhibited  by  1.3  mM  soman  (10% 
isopropanol,  final).  We  followed  the  decrease  of  the  integrated 
area  of  the  NM  R  peaks  corresponding  to  the  soman-albumin 
adduct  (peaks  d  +  e  in  Figure  5,  panel  C)  from  10  to  60  h 
(Figure  6).  Because  no  soman  was  left  after  10  h  of  incubation, 
because  of  its  spontaneous  hydrolysis  (S  ^  S"  +  F“)  and  to 
its  reaction  with  albumin  (see  Scheme  1),  the  change  in  the 
concentration  of  the  soman-albumin  conjugate  (A  -S')  was  due 
only  to  reactivation  (/Cr).  It  was  assumed  that  the  process  was 
uncompromised  and  followed  pseudo-first-order  kinetics  (eq  1): 

(1) 

The  relative  intensity  at  t  =  10  h  was  0.54  ±  0.01;  this  is 
equivalent  to  0.700  ±  0.015  mM  of  conjugate.  Fitting  the  data 
from  Figure  6  to  eq  1  provided  the  reactivation  constant,  = 


Figures.  Reactivation  kinetics  by  NMR.  Each  point  represents 
the  integrated  area  of  the  NMR  peaks  (d  +  e).  The  areas,  in  turn, 
correspond  to  the  relative  amounts  of  adduct.  The  line  is  from  a  fit  of 
the  data  to  eq  1. 


Scheme  1 

^  +  s  - ^  A-S'  +  F'  - ^  A  +  S' 

jkh 

S" 

+ 

_ e: _ 

0.0044  ±  0.0008  h-i  =  0.000073  ±  0.000013  min-^  =  0.74 
±0.13week“^.Thusthehalf-timefordecayofthesoman-albumin 
adduct  at  pH  8.0  and  25  °C  is  about  1  week. 

The  stability  of  the  soman-albumin  adduct  was  also  mea¬ 
sured  by  mass  spectrometry.  Soman-labeled  albumin  was 
digested  with  pepsin  to  release  labeled  and  unlabeled  Tyr411 
peptides  after  various  periods  of  incubation.  The  peptide  masses 
and  the  area  of  each  peak  were  determi  ned  byMALDI-TOF  in 
reflector  mode.  Figure  7A  shows  a  scan,  after  24  h,  where  the 
highest  peaks  at  1992.1  and  1879.0  have  soman  bound  to  T yr411 
in  peptides  LVRYTKKVPQVSTPTL  and  VRYTKKVPQ- 
VSTPTL.  At  a  later  time  point  after  the  adduct  had  been 
incubated  at  pH  7.4  and  22  °C  for  768  h,  the  unlabeled  peptides 
at  1717.0  and  1830.1  have  a  higher  intensity  than  the  labeled 
peptides  (Figure  7B).  The  %  label  on  Tyr411  was  calculated 
from  cluster  areas  and  plotted  in  Figure  7C  as  a  function  of 
time.  The  half-life  for  decay  of  the  soman-albumin  adduct  at 
pH  7.4  and  22  °C  was  20  days.  The  time  course  in  Figure  7C 
is  first  order  for  nearly  two  half-lives,  supporting  the  proposal 
that  reactivation  is  a  simple  first  order  process.  The  difference 
in  rate  constants  obtained  from  the  mass  spectrometry  and  the 
NMR  experiments  is  consistent  with  expectation  for  the 
difference  in  pH. 

3.2.6.  Progressive  Binding  of  Soman  to  Tyr411  of 
Aibumin  Monitored  by  NMR  Kinetics.  The  complete 
reaction  path  of  albumin  (A)  with  soman  (S)  can  be  depicted 
by  Scheme  1,  which  includes  the  competing  spontaneous 
hydrolysis  of  soman,  second-order  phosphonylation  of  albumin, 
followed  by  hydrolytic  dephosphonylation  (reactivation  of  the 
AAA  activity  of  albumin). 

In  Scheme  1,  kp  is  the  rate  constant  of  phosphonylation,  k,  is 
the  rate  constant  of  dephosphonylation  (spontaneous  reactivation 
of  phosphonylated  albumin  A-S'),  and  is  the  rate  of  the 
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Figure?.  Stability  of  the  soman-albumin  adduct  calculated  from  mass 
spectrometer  data.  Panels  A  and  B  areMALDI-TOF  spectra  of  pepsin- 
digested,  soman-labeled  human  albumin  after  24  and  768  h  incubation, 
respectively,  at  pH  7.4  and  22  °C.  Panel  C  is  a  plot  of  %  Tyr411  labeled 
by  soman,  as  a  function  of  time  of  incubation  of  the  soman-albumin 
adduct.  The  soman-albumin  adduct  decays  with  a  half-life  of  20  days. 


spontaneous  hydrolysis  of  soman.  F“  is  the  fluoride  leaving 
group  and  S"  the  hydrolysis  product,  methyl  pinacolyl  phos- 
phonate  (M  PP).  It  follows  then  that  the  concentration  of  all 
species  as  a  function  of  time  is  described  by  a  system  of 
differential  equations  (eq  2)  as  sollows: 


^  =  -/Cp-[/\][S]+/c,-[AS1 
^  =  -kp-[A][S]  +  k,-[S] 

dt  dt 

^  =  -kr[A5']  +  k,-[5] 

d[F-]_  d[S] 
dt  dt 

Because  the  concentration  of  soman  and  albumin  are  of  the 
same  order  of  magnitude  and  because  the  rates  of  spontaneous 
hydroiysis  of  soman  and  phosphonylation  of  albumin  are  of  the 


The  points  were  measured  data.  The  lines  are  from  numerical  fitting 
of  the  data  to  eq  2. 

same  order  of  magnitude,  it  is  not  possible  to  make  assumptions 
allowing  a  simple  integration  of  the  system.  However,  a 
numerical  solution  of  the  system  can  be  obtained  using 
mathematical  software  such  as  M  athematica. 

Following  the  residual  AAA  activity  of  albumin  allows  only 
the  measurement  of  d[A  ]/dt  =  -d[AS']/dt,  while  measuring  the 
release  of  F“  gives  only  d[F‘]/dt  =  d[S]/dt.  However,  following 
the  reaction  kinetics  by  NM  R  gives  d[S]/dt  =  -d[F“]/dt, 
d[AS']/dt  =  -d[A]/dt,  and  d[S"]/dt  in  one  single  experiment 
(Figure  8).  k^  was  measured  separately  under  the  same  experi¬ 
mental  conditions  (k,.  =  0.0044  ±  0.0008  h“^  see  section  12.4 
and  Figure  6). 

Fitting  the  numerical  solution  of  the  differential  equation 
system  against  NM  R  data  gave  kp  =  15  ±  3  M  min“^ 
and  kp  =  0.0076  ±  0.005  min“^.  Thus,  the  rate  constant  for 
spontaneous  hydrolysis  of  soman  in  the  presence  of  albumin 
(kp)  is  about  2  times  the  rate  for  the  spontaneous  hydrolysis  of 
soman  in  the  absence  of  albumin  (kho  =  0.00342  ±  0.00007 
min“^,  from  section  3.2.2).  This  value  for  kp  is  in  agreement 
with  the  estimate  for  kp  made  from  the  measurement  of  [F“] 
release,  as  described  in  section  3.2.2. 

3.3.  Molecular  Modeling.  The  crystal  structure  of  HSA  with 
numerous  ligands  has  been  described  (5).  A  comparison  between 
these  structures  shows  that  Val433  located  in  the  pocket 
containing  Tyr411  might  adopt  two  different  conformations 
depending  on  the  occupant  of  the  pocket.  These  alternate 
conformations  change  the  diameter  of  the  pocket  and  may  affect 
the  binding  of  soman  in  the  pocket.  Therefore,  we  docked  soman 
with  both  representative  crystal  structures:  2bxd  displaying  a 
narrower  pocket  in  absence  of  ligand  and  2bxh  displaying  a 
wider  pocket  that  develops  when  indoxyl  sulfate  is  bound.  The 
four  diastereoisomers  of  soman  were  docked  in  both  structures. 

3.3.1.  Noncovalent  Docking  by  Autodock.  Key  values  from 
the  noncovalent  docking  results  are  summarized  in  Table  1.  All 
four  stereoisomers  of  soman  bind  better  to  H  SA  when  the  pocket 
is  narrowed  by  the  conformational  change  of  Val433  (2bxd). 
A  narrower  pocket  provides  more  stabilizing  van  der  Waals 
interactions  between  soman  and  the  residues  of  the  pocket. 
Therefore,  it  is  expected  that  the  actual  conformation  of  HSA 
when  in  complex  with  soman  is  similar  to  that  of  2bxd.  For 
2bxd,  the  estimated  affinity  constants  for  all  four  stereoisomers 
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Table  1.  Non  Covalent  Docking  of  Soman  in  theTyr411 
Pocket  of  HSA  Performed  by  Autodock 


soman  HSA  pdb  docked  energy  estimated 
isomer  structure  (kcai.moi^^)  (^M) 


PsCr 

2bxd 

-5.69 

148 

2bxh 

-5.56 

167 

PsCs 

2bxd 

-5.76 

115 

2bxh 

-5.48 

206 

PrCr 

2bxd 

-5.69 

147 

2bxh 

-5.50 

176 

PrCs 

2bxd 

-5.73 

128 

2bxh 

-5.42 

226 

are  virtually  identical: 

Ka  =  134  ±  16 /iM  (Table  1).  The  pocket 

seems  to  be  large  enough  to  accommodate  all  enantiomers  of 

soman  (Figure  9).  Soman  bindswiththepinacolyl  group  stacked 
against  the  disuifide  bridge  formed  by  Cys392-Cys438.  The 
pinacoiyi  group  makes  many  hydrophobic  contacts  with  the  side 
chains  of  Val433,  Ile388,  Ala449,  Phe395,  Phe403  and  the  main 
chain  of  Gly434.  The  binding  conformation  of  soman  is  largely 
dictated  by  its  carbon  stereocenter.  Indeed,  PsCs  and  PrCs 
display  the  same  binding  conformation  (rmsd  =  0.07  A),  except 
that  the  positions  of  the  fluoride  and  phosphonate  oxygen  are 
inverted  as  a  result  of  the  difference  in  stereochemistry  at  the 
phosphorus.  The  same  applies  to  the  PsCr  and  PrCr  stereo¬ 
isomers  (rmsd  =  0.13  A).  This  inversion  between  the  fluoride 
and  phosphonate  oxygen  does  not  cost  much  energy  of  binding 
because  of  the  lack  of  specific  interactions  between  these  atoms 
and  residues  of  the  pocket.  The  phosphorus  atom  is  separated 
from  the  hydroxyl  of  Tyr411  by  a  distance  ranging  from  6.80 
A  (Cr  enantiomers)  to  7.24  A  (Cj  enantiomers).  This  distance 
is  not  suitable  for  a  nucleophilic  attack  of  Tyr411  on  the 
phosphorus  and  explains  the  slow  reactivity  of  soman  toward 
HSA.  It  looks  like  soman  may  randomly  react  with  Tyr411  on 
its  way  in/out  of  the  pocket. 

3.3.2.  Noncovalent  Docking  by  Gold.  In  order  to  check  the 
dependency  of  the  results  on  the  software,  to  test  the  robustness 
of  the  models  obtained  by  Autodock,  and  also  to  generate  as 
many  conformers  as  possible,  we  decided  to  repeat  the  docking 
simulations  using  another  software.  Gold,  version  3.1.  Gold  gave 
us  the  possibility  of  using  two  scoring  functions,  Goldscore 
(force-field-based  like  Autodock)  and  Chemscore  (empirical, 
i.e.,  optimized  on  a  test  set  of  protein- ligand  complexes).  We 
performed  the  docking  simulations  using  both  the  2bxh  and  the 
2bxd  protein  structures.  Our  results  did  not  show  any  significant 


Figure 9.  Models  of  soman  noncovalently  docked  into  albumin.  The 
various  stereoisomers  of  soman  were  docked  in  the  estero-amidase 
active  center  (Tyr411)  of  HSA  using  Autodock  software. 


difference  between  the  structures;  therfore,  we  describe  here 
only  the  results  obtained  with  the  minimized  2bxh  protein. 

W  e  docked  the  four  enantiomers  of  soman  with  the  minimized 
2bxh  protein  using  Gold/Goldscore.  The  best  conformers 
obtained  were  similar  to  the  ones  obtained  by  Autodock.  The 
pinacoiyi  moiety  is  located  at  essentially  the  same  place  obtained 
by  Autodock  (Figure  9);  the  difference  is  only  a  small  translation 
of  Tyr411  in  the  direction  of  the  phosphorus  atom  (P-0 Hy 411 
distances  vary  from  6.37  to  6.67  A).  As  described  for  Autodock, 
the  rotation  of  the  P  (0,  F,  M  e)  moiety  is  relatively  free;  this  is 
not  surprising  because  of  the  lack  of  specific  interactions  of 
these  atoms  with  residues  of  the  active  site  pocket.  Again,  the 
phosphorus  atom  is  at  a  position  that  does  not  permit  easy 
phosphonylation  of  Tyr411.  The  scores  obtained  were  in  the 
same  range  for  all  enantiomers:  PjCj  =  39.93,  PsCr  =  40.09, 
PrCr  =  41,28,  and  PrCj  =  38,16.  We  obtained  very  similar 
results  in  terms  of  conformers  and  energies  when  we  used 
A utodock  or  Gold  with  either  2bxh  or  2bxd,  which  clearly  shows 
the  robustness  of  the  models  in  Figure  9. 

The  Chemscore  function  is  empirical.  It  can  potentially 
generate  different  binding  modes  because  contributions  of 
intermolecular  interactions  are  not  the  same  as  those  with 
Goldscore  or  Autodock.  The  docking  using  Gold/C hemscore 
gave  different  kinds  of  conformers  than  Goldscore,  but  with 
very  small  changes  in  energy.  Within  the  different  clusters,  some 
models  displayed  a  phosphorus  atom  close  to  Tyr411  (P-0 Hy  411 
distances:  PrCr  =  4.33  A,  PrCs  =  3.51  A,  PjCs  =  3.98  A, 
and  PjCr  =  3.41  A).  The  enantiomers  with  Pr  configuration 
have  a  P-F  in  a  favorable  position  for  a  nucleophilic  attack 
(0Hy4n-P-F  angle:  PrCr  =  155°,  PrCs  =  138°,  PjCs  =  42°, 
and  PjCr  =  45°).  Chemscore  docking  simulation  generated  a 
prephosphonylation  complex  (fluorine  opposite  0Hy4n  and 
hydrogen  bonding  between  P  =  0  and  OGs489)  for  the  two  Pr 
enantiomers.  These  results  suggest  that  the  prephosphonylation 
step  would  be  energetically  more  favorable  for  the  Pr  than  for 
the  Ps  enantiomers.  To  compare  these  models  with  the  previous 
ones,  we  rescored  the  prephosphonylation  complexes  with 
conformers  PrCr  and  PgCj  by  the  Goldscore  function  and 
obtained  10.78  and  27.07,  respectively.  Compared  to  the  Gold/ 
Goldscore  results  (41.28  and  38,16),  the  rescoring  clearly 
indicates  that  the  ligand  positions  in  the  prephosphonylation 
complexes  are  not  energetically  favorable.  Therefore,  the 
Chemscore  results  do  not  contradict  the  previous  conclusions 
obtained  from  the  Autodock  and  Gold/Goldscore  dockings. 

These  docking  results  may  explain  why  the  reactivity  of 
soman  with  HSA  is  so  poor.  First,  the  binding  affinity  is  weak 
=  134  fiM .  Second,  the  phosphorus  does  not  bind  in  a 
position  that  is  favorable  for  reaction  with  Tyr411.  The  docking 
results  also  suggest  that  a  higher  bimolecular  rate  constant  is 
probable  in  the  case  of  Pr  enantiomers.  But  because  of  the  poor 
reactivity  and  the  limited  measurement  accuracy,  an  increased 
reactivity  of  the  Pr  enantiomers  was  not  experimentally 
observed, 

3.3.3.  Covalent  Docking  by  Gold.  The  noncovalent  docking 
of  soman  to  the  HSA  protein  showed  a  low  enantioselectivity. 
I  n  order  to  confirm  this  finding,  we  covalently  docked  the  four 
enantiomers  of  soman  to  the  2bxh  form  of  albumin  and 
compared  energies  (or  scores).  We  used  the  software  Gold, 
version  3.1,  which  permits  covalent  docking.  As  done  before, 
dockings  were  scored  by  the  functions  Goldscore  and  Chem¬ 
score.  To  discriminate  the  conformers  obtained  by  Gold/ 
Goldscore  or  Gold/C  hemscore  dockings,  we  calculated  the 
energies  of  soman-protein  complexes  using  mopac-pm3,  a 
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Table  2.  Covalent  Docking  of  Soman  in  HSA  Performed  by 
Gold^ 

soman  isomer 

Gol(dscore/AHf 

Chem  sc  ore/ AHf 

FsCr 

11.68/489.8 

15.95/519.3 

PsCs 

16.88/483.2 

17.43/514.7 

FrCr 

15.67/529.0 

16.46/497.8 

PrCs 

12.88/480.4 

14.55/539.8 

^Scores  (Goldscore  and  Chemscore)  have  no  units.  Enthalpies  of 
formation  (AH,)  are  in  kcal-mol“^ 


Figure  10.  M  odels  of  soman  covalently  docked  into  albumin.  Various 
enantiomers  of  soman  were  docked  into  T yr  411  of  H  SA  (form  2bxh) 
using  Gold  software,  version  3.1.  PjCs  (blue),  PjCr  (red),  PrCr 
(magenta),  and  P^Cg  (green). 

semiempirical  method,  and  selected  those  with  the  lowest  AH,. 
The  results  are  summarized  in  Table  2. 

The  four  models  are  superimposed  in  Figure  10,  The  position 
of  the  tertiary  butyl  group  Is  well  conserved  for  all  enantiomers 
(it  points  to  Leu387,  Ile388,  Asn391,  and  Phe403),  while  the  P 
=  0  points  to  Leu430  and  Leu457  for  PjCr  or  PgCg  enantio¬ 
mers,  Ser489  (hydrogen  bonding  with  OH)  for  PrCr,  and  R410 
for  PrCj.  The  conformers  PjCg  and  PjCr  are  nearly  perfect 
mirror  images,  the  only  difference  being  the  position  of  the  C  H  3 
bond  to  the  asymmetric  carbon  that  points  to  Leu430  for  Cr 
and  A  rg410  for  Cg.  I  n  the  case  of  Pr,  there  are  more  differences 
between  the  two  enantiomers  because  the  PrCr  enantiomer  is 
the  only  one  that  allows  hydrogen  bonding  with  Ser489  without 
having  too  many  disfavored  van  der  W aals  interactions,  (A  rg410 
constrains  the  position  of  the  CH3  bond  to  C*,)  The  mopac- 
pm3  AHf  values  are  in  the  same  order  of  magnitude  (--490  ± 
10  kcal.mor^),  showing  no  thermodynamic  enantioselectivity. 

4.  Discussion 

4.1.  Roiesfor  Aibumin  and  Aibumin/Soman  Adducts  in 
the  M  onitoring  of  and  Protection  against  Soman  Exposure. 
4.1.1.  Scavenging  OP.  The  reaction  of  albumin  with  soman 
was  found  to  be  slow  (kp  =  15  ±  3  M  min“^  at  pH  8.0). 
This  is  in  agreement  with  the  slow  rate  of  reaction  of  albumin 
with  the  nerve  agent  simulant,  DFP  (75  M  min“^  at  pH  8.2) 
(10).  Combined  with  the  high  concentration  of  albumin  present 
in  plasma  (0.6  mM ),  the  apparent  pseudo-first-order  rate  constant 
for  the  reaction  of  albumin  with  soman  would  be  0.009  min“^ 
(ti/2  =  77  min).  Thus,  despite  its  high  concentration  in  blood, 
stoichiometric  scavenging  of  soman  by  albumin  is  not  expected 
to  play  a  major  role  in  protection  against  acute  poisoning. 
Regardless  of  the  low  reactivity,  significant  amounts  of  OPs 
are  bound  to  albumin  upon  in  vivo  exposure.  For  example,  when 


mice  were  injected  with  small  amounts  of  the  organophospho- 
nate,  FP-biotin  (lO-fluoroethoxyphosphinyl-AI-biotinamido  pen- 
tyldecanamide),  amounts  that  produced  no  toxic  signs,  albumin 
was  the  most  abundantly  labeled  protein  in  plasma  (46),  making 
it  the  dominant  stoichiometric  scavenger.  I  n  vitro  pretreatment 
of  plasma  with  a  variety  of  organophosphates  (malaoxon, 
paraoxon,  chlorpyrifos  oxon,  methyl  paraoxon,  dichlorvos, 
diisopropylfluorophosphate,  diazoxon,  and  echothiophate)  re¬ 
duced  the  subsequent  reaction  of  FP-biotin  with  albumin, 
indicating  that  all  of  these  other  OPs  also  react  with  albumin 
(46).  This  strongly  suggests  that  albumin  will  also  be  a  scavenger 
for  these  OPs  in  vivo. 

Although  albumin  displays  a  low  reactivity  toward  OPs 
compared  to  that  of  cholinesterases  and  other  known  secondary 
biological  targets  of  OPs  (37),  the  large  quantity  of  albumin  in 
blood  circulation  and  lymph  may  provide  a  substantial  reservoir 
for  sequestering  OPs.  We  also  found  that  phosphonylated 
albumin  slowly  self-reactivates.  Though  the  catalytic  OPase 
activity  is  associated  with  HSA,  and  Tyr411  is  slow  and  thus 
toxicologically  insignificant,  it  may  be  hypothesized  that  mutants 
of  albumin  capable  of  hydrolyzing  OPs  at  high  rate  could  be 
used  for  the  detoxification  of  soman  in  vivo. 

4.1.2.  Biomarker.  Phosphonylated  albumin  may  proveto  be 
auseful  biological  markerof  soman  exposure(ll), The  sensitive 
mass  spectrometry  methods  used  by  Black  etal.  (II)  and  further 
developed  in  the  present  article  could  prove  useful  for  the 
diagnosis  of  soman  exposure.  In  particular,  it  has  been  shown 
that  soman  tyrosine  adducts  can  be  detected  at  least  up  to  7 
days  post  exposure  in  guinea  pigs  (38).  Advantages  of  a 
soman-albumin  biomarker  include  its  stability  and  the  absence 
of  aging.  The  half-life  for  spontaneous  reactivation  is  estimated 
to  be  about  1  week  at  pH  8.0  and  25  °C,  and  20  days  at  pH  7.4 
and  22  °C,  making  the  soman-albumin  adduct  suitable  for 
retrospective  studies.  The  absence  of  aging  means  that  soman 
exposure  can  be  unambiguously  identified  because  the  soman- 
albumin  adduct  does  not  lose  the  diagnostic  pinacolyl  group. 
Our  finding  that  soman-albumin  adducts  do  not  age  confirms 
the  reports  that  there  is  no  loss  of  alkoxy  groups  from  soman-, 
sarin-,  or  DFP-albumin  adducts  (11,  19,  36).  In  addition,  it 
has  recently  been  shown  that  OP-albumin  conjugates  do  not 
appear  to  be  react! vatable  by  oximes  used  as  antidotes  of  OP 
poisoning.  Therefore,  the  detection  of  Tyr411  adducts  in  plasma 
may  be  possible,  even  though  individuals  exposed  to  OPs  have 
received  effective  oxime  therapy  (38). 

A  nother  potential  method  of  monitoring  for  soman  exposure 
is  through  the  use  of  antibodies.  The  information  presented  in 
this  work  raises  interesting  possibilities  regarding  the  generation 
of  antibodies  to  the  soman-albumin  adduct.  The  noteworthy 
aspect  of  the  soman-albumin  adduct  in  this  regard  is  that 
Tyr411  is  located  on  the  surface  of  albumin.  A  soman-albumin 
adduct  at  T yr411  therefore  becomes  a  viable  target  for  antibod¬ 
ies,  unlike  the  soman  adducts  of  cholinesterases,  which  are 
buried  in  a  deep  gorge  well  below  the  enzyme's  surface.  In 
addition,  the  surface  location  for  the  soman-albumin  adduct 
suggests  that  people  exposed  to  soman  might  normally  produce 
antibodies  against  the  soman-albumin  adduct.  This  in  turn 
suggests  the  possibility  of  monitoring  exposure  to  soman  by 
looking  for  those  antibodies,  long  after  the  exposure  incident 
has  passed  and  long  after  the  antigen  has  disappeared. 

4.2.  Perspectives:  Would  Mutant  Albumins  Be  Good 
OP  Scavengers?  4.2.1.  Stoichiometric  Scavenging.  The  bi- 
molecular  rate  constant  for  the  phosphonylation  of  albumin,  kp, 
15  M  min“\  is  about  6  x  10®  times  slower  than  that  for  the 
inhibition  of  acetylcholinesterase  and  butyrylchol inesterase  by 
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soman  (~9  x  10^  M  min"^).  Because  the  concentration  of 
soman  in  the  most  severe  cases  of  poisoning  would  be  far  less 
than  that  of  albumin  in  plasma,  for  example,  <11  nM  (39),  the 
reaction  between  albumin  and  soman  would  be  pseudo-first- 
order.  The  pseudo-first-order  rate  expression  can  be  rearranged 
(eq  3)  so  that  the  time,  t,  needed  for  a  stoichiometric  scavenger 
to  reduce  a  concentration  of  a  toxicant  such  as  soman  from  [S]o 
to  [Sit  can  be  easily  determined, 

ln([Sy[S]t) 
kp  -[E] 

Since  the  concentration  of  albumin  in  plasma  is  about  0.6 
mM ,  it  would  take  about  8.5  h  to  reduce  the  soman  concentration 
by  100-fold  (Ln  [S]o/[S]t  =  4.6).  Because,  red  blood  cell 
acetylcholinesterase,  plasma  butyrylcholinesterase,  and  plasma 
paraoxonase  react  much  faster  than  albumin  with  soman,  the 
contribution  of  albumin  to  soman  detoxification  would  take  place 
only  after  the  saturation  of  these  enzymes  (36). 

4.2.2.  Catalyic  Scavenging.  If  we  assume  that  the  turnover 
of  soman  by  albumin  fits  a  Michael  mechanism  with  a  high 
Km,  then  phosphonylation  could  appear  to  be  second-order  under 
our  experimental  conditions.  If  in  addition,  k^<<kp,  which  is 
the  case  for  the  soman/albumin  turnover,  then  k^JK^  is  equal 
to  kp.  U  nder  these  conditions,  kp  defines  the  catalytic  efficiency. 
Thus,  the  catalytic  efficiency  for  the  hydrolysis  of  soman  by 
albumin,  at  Tyr411,  is  15  M  min“\  This  value  is  about  4  to 
5  orders  of  magnitude  lower  than  that  for  the  hydrolysis  of 
soman  by  Pseudomonas  diminuta  phosphotri esterase  (6  x  10^ 
M  min“^)  (40)  orallozymeQ192  of  human  paraoxonase  (2,6 
X  10®  M“^  min“^)  (41),  Eq  4  gives  the  time  needed  for  a 
catalytic  scavenger  to  drop  the  concentration  of  a  toxicant  from 
[Slo  to  [Sit. 

ln([S]o/[Slt) 

(kcJK.}‘lE] 

Thus,  taking  the  estimated  k^JK^  value,  the  time  needed  for 
the  catalytic  activity  of  albumin  (0.6  mM )  to  decrease  the  soman 
concentration  in  blood  by  100-fold  would  be  about  9  h.  It  is 
therefore  obvious  that  the  reaction  of  soman  at  T yr411  of  H  SA 
does  not  contribute  significantly  to  the  catalytic  turnover  of 
soman  molecules  in  plasma.  However,  the  in  vitro  observation 
that  pure  FAF-HSA  promotes  the  hydrolysis  of  soman  at  a 
second  site  (kp  =  0.0076  min“^)  with  a  rate  100  times  higher 
than  the  turnover  atTyr411  is  important.  The  in  vivo  toxicologi¬ 
cal  relevance  of  this  chemical  activity  has  to  be  demonstrated, 
but  if  proved,  this  process  could  contribute  to  the  degradation 
of  soman  and  other  nerve  agents  in  human  plasma. 

4.2.3.  Mutant  Albumin.  Could  mutants  of  recombinant 
human  albumin  be  made  into  productive  stoichiometric  or 
catalytic  scavengers  for  prophylaxis  and  treatment  of  OP 
poisoning?  HSA  is  a  nonglycosylated  protein.  Scaled-up 
production  of  recombinant  human  albumin  (rHSA)  in  Pichia 
pastoris  has  been  made  possible  for  pharmaceutical  purposes 
(42).  This  product  exhibits  good  pharmacokinetics  and  biodis¬ 
tribution  (43).  Thus,  rHSA  would  appear  to  bean  ideal  candidate 
for  protein  engineering. 

To  address  the  scavenger  issue  of  rHSA,  we  have  to  first 
determine  how  much  improvement  in  reactivity  would  be 
desired.  Asa  reference,  the  reactivity  of  the  currently  accepted 
OP  scavengers,  serum  butyrylcholinesterase  and  red  cell  acetyl¬ 
cholinesterase,  were  used.  Comparison  was  made  on  the  basis 
of  the  first-order  rate  constants.  For  the  reaction  of  natural  HSA 
with  soman  in  plasma,  the  apparent  pseudofirst  order  rate 


constant,  kp'[El,  is  0,009  min"\  The  sum  of  the  first-order 
reaction  rate  constants  for  the  reaction  of  soman  with  erythrocyte 
AChE  and  plasma  BuChE  is  4.5  min“^.  This  number  was 
arrived  at  by  taking  the  concentration  of  AChE  in  blood  to  be 
about  2.5  nM ,  the  concentration  of  BuChE  to  be  50  nM ,  and 
k2/Kp  to  be  about  9  x  10^  M  min“^  for  both  enzymes.  Thus, 
in  blood,  cholinesterases  react  with  soman  about  500  times  faster 
than  albumin  does, 

For  an  injected,  mutated  albumin  to  be  used  as  a  stoichio¬ 
metric  scavenger,  it  should  react  at  least  500  times  faster  than 
the  endogenous  albumin  to  be  competitive  with  the  cholinest¬ 
erases.  There  is  a  limit  to  the  amount  of  plasma-derived  albumin 
that  can  be  put  into  the  human  body,  that  is,  25  g/100  ml  (AIbu 
Rx25)  by  slow  infusion  or  500  mg  in  2  ml  by  intravenous 
injection.  Injected  into  a  human  of  70  kg  (3  L  of  plasma),  500 
mg  would  give  a  final  plasma  concentration  of  mutant  albumin 
of  166  mg/L  (2.55  x  10“®  M  ).  To  react  faster  than  cholinest¬ 
erases,  the  bimolecular  rate  constant  of  this  amount  of  mutant 
albumin  should  be  at  least  1.8  x  10®  M  min“^.  Compared  to 
endogenous  albumin  (15  M  min“^),  this  is  an  efficiency 
improvement  of  about  5  orders  of  magnitude,  Though  there  are 
few  examples  of  evolved  enzymes,  showing  enhancement  of 
such  a  magnitude,  site-directed  mutagenesis  and/or  directed 
evolution  can  lead  to  dramatic  improvement  in  the  catalytic 
activity  of  enzymes.  Improvements  of  4  orders  of  magnitude 
for  the  glyphosate  tolerance  protein  (44)  and  5  orders  of 
magnitude  for  a-lytic  protease  (45)  have  been  reported, 
Therefore,  improving  the  reactivity  of  albumin  against  OPs  for 
the  purpose  of  making  a  stoichiometric  scavenger  would  be  a 
challenge,  but  it  is  possible. 

In  addition,  the  observed  catalysis  of  soman  hydrolysis  on 
the  albumin  surface  at  a  site  different  from  Tyr  411  could  also 
be  improved.  Work  is  in  progress  to  identify  this  area  on  the 
albumin  surface.  Thus,  stoichiometric  and  catalytic  bioscav¬ 
engers  based  on  modified  human  albumins  have  to  be  considered 
as  possible  candidates. 
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Dichlorvos,  chlorpyrifos  oxon  and  Aldicarb 
adducts  of  butyrylcholinesterase,  detected  by 
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ABSTRACT:  The  goal  of  this  study  was  to  develop  a  method  to  detect  pesticide  adducts  in  tryptic  digests  of 
butyrylcholinesterase  in  human  plasma  from  patients  poisoned  by  pesticides.  Adducts  to  butyrylcholinesterase  in  human 
serum  may  serve  as  biomarkers  of  pesticide  exposure  because  organophosphorus  and  carbamate  pesticides  make  a  covalent 
bond  with  the  active  site  serine  of  butyrylcholinesterase.  Serum  samples  from  five  attempted  suicides  (with  dichlorvos, 
Aldicarb,  Baygon  and  an  unknown  pesticide)  and  from  one  patient  who  accidentally  inhaled  dichlorvos  were  analyzed. 
Butyrylcholinesterase  was  purified  from  2  ml  serum  by  ion  exchange  chromatography  at  pH  4,  followed  by  procainamide 
affinity  chromatography  at  pH  7.  The  purified  butyrylcholinesterase  was  denatured,  digested  with  trypsin  and  the  modified 
peptide  isolated  by  HPLC.  The  purified  peptide  was  analyzed  by  multiple  reaction  monitoring  in  a  QTRAP  4000  mass 
spectrometer.  This  method  successfully  identified  the  pesticide-adducted  butyrylcholinesterase  peptide  in  four  patients 
whose  butyrylcholinesterase  was  inhibited  60-84%,  but  not  in  two  patients  whose  inhibition  levels  were  8  and  22%.  It  is 
expected  that  low  inhibition  levels  will  require  analysis  of  larger  serum  plasma  volumes.  In  conclusion,  a  mass  spectrometry 
method  for  identification  of  exposure  to  live  toxic  pesticides  has  been  developed,  based  on  identification  of  pesticide  adducts 
on  the  active  site  serine  of  human  butyrylcholinesterase.  Copyright  ©  2010  John  Wiley  &  Sons,  Ltd. 

Keywords:  dichlorvos;  Aldicarb;  chlorpyrifos  oxon;  nnass  spectronnetry;  butyrylcholinesterase;  pesticide  poisoning  biomarker 


INTRODUCTION 

Butyrylcholinesterase  is  highly  reactive  with  organophosphorus 
pesticides  (OP)  and  carbamates.  These  poisons  make  a  covalent 
bond  with  the  active  site  serine,  thus  inhibiting  the  activity  of 
butyrylcholinesterase.  The  inhibited  butyrylcholinesterase  in 
human  plasma  and  serum  is  an  indicator  of  exposure  to  cholinest¬ 
erase  inhibitors  such  as  OP  and  carbamates.  However,  measure¬ 
ment  of  inhibition  levels  does  not  distinguish  between  exposure 
to  pesticides  and  exposure  to  Alzheimer  drugs  such  as  tacrine  and 
donepezil  (Darvesh  etal.,  2003). 

A  sensitive  method  for  detection  of  nerve  agent  exposure  is 
GC-mass  spectrometry  of  the  nerve  agent  released  by  treatment 
of  plasma  with  2  M  potassium  fluoride  (Jakubowski  etol.,  2004; 
Van  Der  Schans  etal.,  2004).  Another  method  used  electrospray 
ionization  in  a  Q-TOF  mass  spectrometer  to  identify  the  sarin- 
adducted  butyrylcholinesterase  peptide  isolated  from  victims  of 
the  Tokyo  subway  attack  (Fidder  etal.,  2002).  The  key  step  in  the 
analysis  by  Fidder  etal.  is  the  microscale  purification  of  butyryl¬ 
cholinesterase  (BChE)  from  0.5  to  1  ml  plasma  samples.  A  high 
level  of  purification  of  BChE  from  plasma  is  required  before  the 
mass  spectrometer  can  detect  the  modified  peptide.  It  is  difficult 
to  obtain  sufficient  quantities  of  purified  BChE  from  1-2  ml  of 
human  serum,  where  the  BChE  concentration  is  4pg  ml  \  corre¬ 
sponding  to  50  nM,  considering  that  the  protein  concentration  in 
human  serum  is  50,000  jig  mM. 


A  method  similar  to  that  introduced  by  Fidder  etal  has  been 
adapted  in  the  present  report  to  analyze  blood  samples  from 
patients  suspected  to  have  been  poisoned  by  pesticides.  Our 
method  introduces  two  additional  purification  steps,  thus  result¬ 
ing  in  high-quality  MSMS  spectra.  In  addition,  we  use  multiple 
reaction  monitoring  for  detection  of  the  modified  BChE  peptide. 
Multiple  reaction  monitoring  of  carbofuran-labeled  BChE  purified 
from  patients  exposed  to  carbofuran  has  been  previously 
reported  by  us  (Li  etal.,  2009). 
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METHODS 

Serum 

Serum  samples  from  five  attempted  suicides  and  one 
accidentally  poisoned  individual  were  provided  by  Dr  Ivan 
Ricordel,  Paris  Police.  The  samples  were  shipped  on  dry  ice  and 
stored  at  -80  °C. 


BChE  Activity  assay 

BChE  activity  was  measured  with  1  mM  butyrylthiocholine  in 
0.1  M  potassium  phosphate  pH  7.0  in  the  presence  of  0.5  mM 
dithiobisnitrobenzoic  acid  by  measuring  the  increase  in  absor¬ 
bance  at  412  nm  at  25  °C.  The  reaction  rate  in  delta  absorbance 
per  min  was  converted  to  jimoles  per  minute  using  the  extinc¬ 
tion  coefficient  E  =  1 3  600  cm~^  (Ellman  et  aL,  1 961 ).  One  unit 
of  activity  is  defined  as  one  micromole  of  substrate  hydrolyzed 
per  minute. 


Purification  of  BChE  from  Dichlorvos-poisoned  Serum  by 
Ion  Exchange  at  pH  4  and  Procainamide  Affinity  Gel 

The  purification  method  that  was  developed  for  70-100  L  of 
serum  was  scaled  down  to  process  small  clinical  serum  samples 
(Lockridge  eta!.,  2005).  Two  milliliters  of  the  strong  anion 
exchanger  Q-Sepharose  fast  flow  (catalog  no.  17-0510-04  Amer- 
sham  BioSciences,  Piscataway,  NJ,  USA)  were  washed  with 
binding  buffer  (20  mM  sodium  acetate,  1  mM  EDTA,  pH  4.0)  until 
the  supernatant  reached  pH  4.0  and  the  conductivity  was 
0.3  mSi.  Then  1.5-2  ml  serum,  diluted  20-fold  with  binding 
buffer  to  reduce  the  salt  concentration,  was  added  to  the  equili¬ 
brated  Q-Sepharose  in  a  50  ml  plastic  tube.  The  tube  was  gently 
rocked  at  4  °C  for  4-16  h.  Binding  to  Q-Sepharose  was  moni¬ 
tored  by  measuring  BChE  activity  in  the  supernatant.  After 
85-90%  of  the  BChE  had  bound,  the  gel  was  packed  into  a 
10  ml  column,  and  washed  with  binding  buffer  until  the  absor¬ 
bance  of  the  eluant  had  dropped  to  0.04  at  280  nm.  About 
1 5  ml  of  binding  buffer  was  needed  for  the  wash  step.  BChE  was 
eluted  with  6  ml  of  0.05  M  NaCI  in  20  mM  sodium  acetate  and 
1  mM  EDTA,  pH  4.0.  Fractions  of  1  ml  were  collected.  Fractions 
with  BChE  activity  were  pooled  and  further  purified  on  a 
procainamide  affinity  column.  Q-Sepharose  purified  the  BChE 
about  70-fold. 

Procainamide-Sepharose  gel,  custom  made  by  Dr  Yacov 
Ashani  (Grunwald  eta!.,  1997),  had  procainamide  attached 
through  a  six-carbon  spacer  to  Sepharose  4B  at  a  ratio 
of  34  jimol  of  procainamide  per  ml  gel.  A  0.4  ml  aliquot  of 
procainamide  gel  was  packed  into  a  1.5  ml  microfuge  spin 
column  and  equilibrated  with  2  ml  of  20  mM  potassium  phos¬ 
phate  pH  7.0  buffer.  The  partially  purified  BChE  was  loaded  on 
the  column  by  gravity  flow.  The  column  was  washed  four  times 
with  1  ml  of  20  mM  potassium  phosphate  pH  7.0  buffer.  Washing 
buffer  was  removed  by  briefly  centrifuging  the  column.  Con¬ 
taminating  proteins  were  eluted  by  washing  four  times  with 
1  ml  of  0.2  M  NaCI  in  20  mM  potassium  phosphate  pH  7.0  buffer. 
BChE  was  eluted  twice  with  1  ml  of  1  M  sodium  chloride  in 
20  mM  potassium  phosphate  pH  7.0.  The  affinity  column 
increased  the  purity  of  BChE  about  10-fold.  BChE  purity  was 
increased  700-fold  after  Q-Sepharose  and  procainamide  gel 
purification. 


Purification  of  BChE  from  Carbamate  (Aidicarb,  Baygon), 
and  Unknown  Organophosphate-poisoned  Sera  by 
Procainamide  Affinity  Gei 

Purification  speed  was  critical  for  carbamate-poisoned  samples 
because  the  carbamates,  Aidicarb  and  Baygon,  are  easily  released 
from  intact  BChE.  A  one-step  purification  method  on  procaina¬ 
mide  affinity  gel  was  chosen  because  this  step  took  15  min  from 
thawing  the  serum  to  elution  (Li  eta!.,  2009).  In  contrast,  ion 
exchange  purification  took  at  least  6  h.  A  1.5-2  ml  aliquot  of 
serum  was  allowed  to  flow  through  a  0.4  ml  column  of  pre¬ 
equilibrated  procainamide  gel  by  gravity.  Wash  steps  used  brief 
centrifugation  to  speed  up  the  process.  BChE  was  loaded  and 
eluted  by  gravity  flow. 


Trypsin  Digestion  of  Purified  BChE 

Following  purification,  the  BChE  was  immediately  boiled  for 
1 0  min.  This  denaturation  step  prevented  decarbamylation  of  the 
active  site  serine  and  unfolded  the  BChE  protein.  The  BChE  (in 
2  ml)  was  digested  with  20|il  of  0.4jigjiM  porcine  trypsin 
(V51 13,  Promega)  for  18  h  at  37  °C. 


HPLC  Purification  of  the  Tryptic  BChE  Peptides 

The  modified  active  site  peptide  of  BChE  was  purified  using  a 
Phenomenex  Prodigy,  5  jim  Cis  column  on  a  Waters  HPLC  system. 
Peptides  were  eluted  with  a  60  min  gradient  starting  at  0.1% 
trifluoroacetic  acid,  and  ending  at  60%  acetonitrile,  0.1%  trifluo- 
roacetic  acid,  at  a  flow  rate  of  1  ml  min  L  One  milliliter  fractions 
were  collected.  A  1  |il  aliquot  from  each  1  ml  fraction  was  ana¬ 
lyzed  by  MADLI-TOF  mass  spectrometry  (Applied  Biosystems)  to 
identify  fractions  containing  the  unlabeled  BChE  active  site 
peptide.  The  unlabeled  active  site  peptide  of  mass  2928.5  amu 
was  detectable  by  MALDI-TOF  and  was  used  as  a  marker  to  esti¬ 
mate  the  elution  position  of  the  modified  peptide.  The  modified 
BChE  peptide  was  not  detectable  by  MALDI-TOF  when  the  start¬ 
ing  material  was  2  ml  serum.  However,  the  elution  position  could 
be  estimated  from  previous  studies  with  0.2  mg  of  highly  purified 
BChE  covalently  modified  on  Serine  198  by  various  agents.  The 
unlabeled  active  site  peptide  elutes  between  32  and  36%  aceto¬ 
nitrile,  while  covalently  modified  active  site  peptides  elute 
between  32  and  41%  acetonitrile  (Gilley  etal.,  2009;  Li  etal., 
2009).  HPLC  fractions  were  dried  in  a  vacuum  centrifuge  and 
dissolved  in  50  pi  of  5%  of  acetonitrile  and  0.1%  formic  acid  in 
preparation  for  analysis  on  the  QTRAP  4000  mass  spectrometer.  If 
the  offline  HPLC  purification  step  was  omitted,  OP-adducted 
BChE  peptide  was  not  detected  in  the  mass  spectrometer. 


Multiple  Reaction  Monitoring  on  the  QTRAP  4000 
Mass  Spectrometer 

A  5  pi  aliquot  of  HPLC-purified,  tryptic  BChE  peptides  were 
injected  onto  a  Vydac  Cis  polymeric  reverse-phase  nanocolumn 
for  a  second  phase  of  HPLC  separation.  Peptides  were  separated 
with  a  90  min  linear  gradient  from  0  to  60%  acetonitrile  and  0.1  % 
formic  acid  and  electrosprayed  through  a  fused  silica  emitter 
directly  into  the  QTRAP  4000,  a  hybrid  quadrupole  linear  ion  trap 
mass  spectrometer  (Applied  Biosystems). The  mass  spectrometer 
was  calibrated  on  selected  fragments  from  the  MSMS  spectrum 
of  Glu-Fibrinopeptide  B.The  MSMS  data  were  collected  and  pro- 
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Figure  1 .  Structures  of  pesticides  and  the  adducts  formed  by  covalent  binding  to  Serine  1 98  of  human  BChE.  Dichlorvos  and  aged  chlorpyrifos  oxon 
adducts  have  the  same  added  mass  of +108.  Aldicarb  and  Baygon  give  the  same  BChE  adduct  with  an  added  mass  of +57.  The  unlabeled  active  site 
peptide  of  BChE  produced  by  digestion  with  trypsin  has  a  monoisotopic  mass  of  2928.5  amu. 


Table  1.  BChE  activity  in  sera  from  poisoned  individuals  and  from  controls 


Time  between  poisoning 

BChE  activity 

Inhibition  of 

Labeled  BChE 

Poison 

and  blood  draw 

Days  in  hospital 

(units  mM) 

BChE  (%) 

peptide  found 

Dichlorvos 

lOh 

11 

0.41 

84 

Yes 

Dichlorvos 

9h 

2 

0.50 

80 

Yes 

Dichlorvos 

11  h 

1 

2.30 

8 

No 

Aldicarb 

7h 

3 

0.07 

97 

Yes 

Baygon 

22  h 

3 

1.96 

22 

No 

Unknown  OP 

Unknown 

Unknown 

0.95 

62 

Yes 

None 

None 

None 

2.50 

0 

No 

The  name  of  the  poison  was  established  from  the  reports  of  family  members  who  found  bottles  of  pesticide  in  the  home.  The 
unknown  OP  was  identified  in  the  present  work  as  chlorpyrifos  oxon  from  mass  spectrometry  of  the  BChE  adduct. 


cessed  using  Analyst  1.4.1  software  (Applied  Biosystems).  The 
QTRAP  4000  was  operated  in  multiple  reaction  monitoring  (MRM) 
mode.  Details  of  the  MRM  method  can  be  found  in  the  Results 
and  Discussion  sections. 

RESULTS 

Pesticide  Structures  and  the  Adducts  they  Form  with  BChE 

The  structures  of  the  OP  and  carbamate  pesticides  (the  suspect 
poisons)  are  shown  in  Fig.  I.The  poisons  make  a  covalent  bond 
with  the  active  site  serine  of  BChE  to  make  the  adducts  shown  in 
the  middle  column  of  Fig.  1  .The  initial  OP  adducts  release  an  alkyl 
group  in  a  process  called  'aging' to  yield  the  structures  shown  in 
the  right-hand  column  of  Fig.  1.  The  entries  for  the  carbamate 
adducts  are  listed  as  'none'  in  the  column  labeled  'aged  adduct' 
because  carbamate  adducts  do  not  age.  The  mass  added  from 
each  pesticide  is  large  compared  with  the  error  tolerance  of  1 
amu  in  the  QTRAP  mass  spectrometer. 


The  aging  reaction  is  catalyzed  by  amino  acid  residues  in  the 
active  site  of  BChE  including  His  438  and  Glu  197  (Nachon  etal., 
2005).  Dimethoxyphosphate  adducts  age  with  a  half-life  of  3.9  h, 
whereas  diethoxyphosphate  adducts  age  with  a  half-life  of  1 1 .6  h 
at  pH  7.0,  25  °C  (Masson  etal.,  1 997;  Worek  ef  a/.,  1999). The  car¬ 
bamate  adducts  spontaneously  reactivate  with  a  half-life  of 
about  2  h  (Li  etal.,  2009),  but  they  do  not  age. 

BChE  Inhibition  Levels  in  Patient  Sera 

Table  1  shows  that  three  patients  were  poisoned  with 
dichlorvos  (2,2-dichlorovinyl  dimethyl  phosphate),  one 
with  Aldicarb  (2-methyl-2-(methylthio)propionaldehyde  0- 
methylcarbamoyloxime),  one  with  Baygon  (isopropoxyphenyl 
methyl  carbamate)  and  one  with  an  unknown  OP.  The  serum 
samples  analyzed  in  this  work  came  from  blood  drawn  7-22  h 
after  the  patients  were  poisoned.  BChE  activity  in  patient  sera 
was  inhibited  8-97%.  The  patient  with  the  lowest  level  of  inhibi¬ 
tion  (8%)  was  a  15-year-old  female  who  accidentally  inhaled 
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Table  2.  Multiple  reaction  nnonitoring  transitions  for  the  BChE  active  site  peptide 


BChE  active  site  peptide  SVTLFGESAGAASVSLHLLSPGSHSLFTR  Charge  Parent  ion  m/z  Transition  to  y9  Transition  to  ylO 


Unlabeled  BChE  peptide 
Dichlorvos  labeled;  added  mass +108 
Aged  dichlorvos  labeled;  added  mass  +94 
Aged  chlorpyrifos  oxon  labeled;  added  mass  +108 
Aldicarb/Baygon  labeled;  added  mass  +57 


4 

733.8 

1001.5 

1088.5 

4 

760.3 

1001.5 

1088.5 

4 

756.8 

1001.5 

1088.5 

4 

760.3 

1001.5 

1088.5 

4 

747.6 

1001.5 

1088.5 

Theoretical  masses  in  the  QTRAP  mass  spectrometer  are  listed.  Masses  of  the  quadruple-charged  parent  ions  are  average  masses, 
while  those  of  the  singly  charged  y9  and  y1 0  ions  are  monoisotopic  masses.  The  monoisotopic  mass  of  the  single-charged  unlabeled 
peptide  is  2928.5  amu.The  accession  number  for  human  butyrylcholinesterase  in  the  NCBI  nonredundant  database  is  gi:  116353. 
This  sequence  includes  28  amino  acids  of  the  signal  peptide,  so  that  Serine198  is  numbered  Serine226. 


dichlorvos.  The  other  five  patients  drank  the  pesticide  in 
attempted  suicide.  All  patients  survived.  Patients  whose  BChE 
was  inhibited  80%  or  more  survived  with  the  aid  of  mechanical 
ventilation  and  treatment  with  atropine  and  pralidoxime.The  last 
column  in  Table  1  indicates  that  our  mass  spectrometry  analysis 
identified  the  adducted  BChE  peptide  in  four  of  the  six  samples. 
The  samples  with  minor  BChE  inhibition  (8-22%)  did  not  yield 
enough  adducted  BChE  peptide  from  2  ml  serum  for  detection  in 
the  mass  spectrometer. 


Information  for  MRM  to  Detect  BChE  Adducts 

The  mass  spectrometry  method  selected  for  detection  of  BChE 
adducts  was  the  MRM  method.  This  method  instructs  the  mass 
spectrometer  to  look  only  for  the  specified  masses  and  to  ignore 
all  other  ions.  This  increases  the  sensitivity  of  detection  by  delet¬ 
ing  background  signals.  To  use  MRM  one  must  know  the  possible 
parent  ion  masses.  The  mass  of  the  parent  ion  can  be  calculated 
from  the  structure  of  the  pesticide  and  its  known  reaction  with 
BChE.  Organophosphorus  and  carbamate  pesticides  make  a 
covalent  bond  with  Serine  198  of  BChE.  After  digestion  with 
trypsin,  the  peptide  that  includes  Serine  198  has  the  sequence 
SVTLFGESigsAGAASVSLHLLSPGSHSLFTR  (Lockridge  etoL,  1987; 
Lockridge  and  La  Du,  1986).  A  list  of  the  49  tryptic  peptides  of 
human  BChE  can  be  obtained  from  the  Protein  Prospector 
website  of  the  University  of  California,  San  Francisco  (http:// 
prospector.ucsf.edu/prospector/mshome.htm),  by  searching  for 
tryptic  peptides  in  accession  number  gil  16353  in  the  NCBI  non¬ 
redundant  database,  after  deleting  the  28  amino  acids  in  the 
signal  peptide. 

In  addition  one  must  know  which  product  ion  masses  (called 
transition  ions)  are  consistently  intense  in  the  MSMS  spectrum. 
From  our  previous  work  with  OP-labeled  and  carbamate-labeled 
pure  BChE  (Gilley  etal.,  2009;  Li  etal.,  2009)  we  knew  that  the  y9 
ion  at  1001.5  amu  and  the  ylO  ion  at  1088.5  amu  are  reliable 
indicators  of  both  the  labeled  and  unlabeled  BChE  active  site 
peptide.  Therefore,  the  y9  and  ylO  ions  were  selected  as  MRM 
transition  ions.  Table  2  lists  the  masses  of  the  quadruply  charged 
parent  ions  and  the  transition  ions  used  for  MRM. 


Detection  of  the  Monomethoxyphosphate  Adduct  of  BChE 
Produced  by  Exposure  to  Dichlorvos 

An  example  of  the  signal  detected  by  the  MRM  method  for  one  of 
the  patient  samples  is  given  in  Fig.  2.The  parent  ion  mass  at  756.8 
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Figure  2.  MRM  transitions  for  the  aged  dichlorvos  labeled  tryptic  BChE 
peptide.  The  quadruple-charged  parent  ion  has  a  mass  to  charge  ratio  of 
756.8  m/z  and  yields  single-charged  product  ions  at  1001.5  and 
1088.2  amu.  Q1  is  the  mass  of  the  parent  ion.  Q3  is  the  mass  of  the 
production. 


m/z  and  the  product  ion  masses  at  1 001 .5  and  1 088.2  amu  were 
found  in  this  sample.  These  values  correspond  to  the  aged 
dichlorvos-adducted  BChE  tryptic  peptide  in  Table  2. 

The  MRM  hit  automatically  triggered  acquisition  of  the  MSMS 
spectrum  shown  in  Fig.  3.  The  MSMS  spectrum  proves  that  the 
peptide  has  the  amino  acid  sequence  of  the  BChE  active  site 
tryptic  peptide  SVTLFGESigsAGAASVSLHLLSPGSHSLFTR  and  that 
monomethoxyphosphate  is  covalently  bound  to  the  active  site 
Serine  1 98.  The  singly  charged  y  ion  series  from  y4  to  y1 5  and  the 
doubly  charged  y  ion  series  from  y13+^  to  y22+^  support  the 
peptide  sequence.  The  mass  of  the  parent  ion  (756.6  m/z)  is  con¬ 
sistent  with  a  monomethoxyphosphate  adduct  on  this  peptide 
and  supports  the  conclusion  that  the  patient  was  poisoned  by 
dichlorvos. 

Support  for  modification  of  Serine  1 98  by  monomethoxyphos¬ 
phate  comes  from  the  doubly  charged  y22  ion  at  1 1 45.2  m/z;  this 
mass  includes  the  mass  of  aged  dichlorvos.  Additional  support 
for  modification  of  Serine  1 98  are  the  seven  ions  marked  with  the 
symbol  A  to  indicate  the  presence  of  dehydroalanine  in  place  of 
the  active  site  serine.  The  collision  energy  in  the  mass  spectrom¬ 
eter  releases  the  organophosphorus  agent  plus  a  molecule  of 
water  from  the  OP-modified  serine  to  produce  dehydroalanine  in 
place  of  serine  (Fidder  etal.,  2002).  No  serine  other  than  Serine 
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Figure  3.  MSMS  spectrunn  of  the  aged  dichlorvos  labeled  tryptic  peptide  of  BChE  derived  fronn  serunn  of  a  dichlorvos-poisoned  patient.  The 
quadruple-charged  parent  ion  has  756.6  m/z.  The  y9  and  y1 0  transition  ions  are  present.  In  addition,  a  series  of  b  and  y  ions  are  present  that  fit  the  masses 
of  the  active  site  tryptic  peptide  of  BChE.  The  double-charged  y22+^  ion  at  1 1 45.2  m/z  carries  the  aged  dichlorvos  (monomethoxyphosphate)  on  Serine 
1 98. The  triple-  and  double-charged  ions  labeled  with  the  symbol  A  contain  dehydroalanine  in  place  of  Serinel  98. They  have  lost  the  OP  plus  a  molecule 
of  water  during  collision  with  gas  molecules  in  the  mass  spectrometer.  Facile  loss  of  the  organophosphorus  agent  plus  a  molecule  of  water  to  produce 
dehydroalanine  is  a  characteristic  feature  of  modified  serine.  The  masses  of  the  ions  labeled  with  the  symbol  A  support  the  conclusion  that  the  modified 
residue  is  Serine  198. 


198  in  peptide  SVTLFGESigsAGAASVSLHLLSPGSHSLFTR  is  modi¬ 
fied.  This  conclusion  is  supported  by  the  masses  of  the  b  and  y 
ions  in  Fig.  3. 

Human  BChE  covalently  modified  by  dimethoxyphosphate 
ages  with  a  half-life  of  3. 9  h  (Worekef  a/.,  1999). The  blood  sample 
was  drawn  10  h  after  exposure,  a  time  interval  that  allowed 
greater  than  75%  (>2  half-lives)  of  the  modified  BChE  to  undergo 
aging.  It  is  not  surprising,  therefore,  that  the  modified  BChE 
detected  in  Fig.  3  is  the  aged  dichlorvos  adduct. 

The  second  dichlorvos-poisoned  patient  with  80% 
inhibition  of  plasma  BChE,  also  yielded  the  MRM  and  MSMS 
spectra,  shown  in  Figs  2  and  3,  thus  providing  evidence  that  the 
poison  was  dichlorvos.  However  the  patient  whose  plasma 
BChE  was  inhibited  only  8%  did  not  yield  enough  dichlorvos- 
adducted  BChE  for  detection  in  the  mass  spectrometer. 
It  is  expected  that  very  low  levels  of  exposure  will  require 
more  than  2  ml  of  plasma  to  confirm  the  diagnosis  by  mass 
spectrometry. 

MRM  is  a  valuable  component  of  our  method  because  it  allows 
analysis  to  be  directed  at  specific  peptides  that  may  be  present  in 
low  yield.  The  ability  to  dismiss  peptides  that  do  not  meet  the 
MRM  selection  criteria  allows  the  mass  spectrometer  to  focus  on 
just  those  peptides  that  are  of  interest.  However,  despite  the 
sensitivity  and  selectivity  of  the  MRM  method,  confirmation  of 
the  peptide's  identity  by  analysis  of  its  MSMS  spectrum  is  essen¬ 
tial  to  avoid  false  positive  identifications,  especially  when  dealing 
with  unknown  samples.  Reliance  on  MRM  identification  alone,  as 
is  done  in  a  clinical  setting,  requires  that  the  target  be  very  well 
characterized  (including  reproducible  liquid  chromatography 
elution  times).  The  myriad  of  parent  ion/product  ion  possibilities 
that  exist  when  analyzing  a  sample  from  a  patient  who  has  been 
exposed  to  an  unknown  OP  or  carbamate  is  too  complex  to  rely 
on  MRM  identification  alone. 


Identification  of  Aged  CPO  Adducted  BChE  Peptide  in 
Serum  from  the  Patient  Poisoned  with  an 
Unknown  Pesticide 

Serum  from  the  patient  poisoned  with  an  unknown  pesticide  had 
40%  of  normal  BChE  activity.  The  fact  that  the  pesticide  inhibited 
the  BChE  activity  suggested  that  the  poison  was  either  an  OP  or 
a  carbamate.  The  sample  was  handled  as  if  the  poison  were  a 
carbamate. This  meant  the  BChE  purification  was  limited  to  use  of 
the  procainamide  affinity  column,  followed  by  HPLC  purification 
of  the  tryptic  peptide.  Omission  of  the  pH  4  ion  exchange  chro¬ 
matography  step  yields  a  less  purified  BChE.  A  lower  fold  purifi¬ 
cation  is  associated  with  interference  by  contaminating  ions 
when  the  sample  is  analyzed  in  the  mass  spectrometer,  and 
therefore  a  lower  quality  MSMS  spectrum. 

The  MSMS  spectrum  triggered  by  the  MRM  method  is  shown  in 
Fig.  4.  The  quadruple-charged  parent  ion  at  760.1  m/z  and  the  y9 
and  ylO  transition  ions  are  present.  According  to  Table  2  these 
values  are  consistent  with  either  unaged  dichlorvos  or  aged  chlo- 
rpyrifos  oxon  adducts.  We  interpreted  the  adduct  in  Fig.  4  to  be 
the  aged  chlorpyrifos  oxon  adduct  because  the  aging  of  dichlo¬ 
rvos  is  so  rapid  (half-life  3.9  h)  that  finding  the  unaged  dichlorvos- 
adducted  BChE  seemed  unlikely. 

The  masses  of  the  ions  in  Fig.  4  support  the  identity  of  the 
peptide  as  the  active  site  peptide  of  BChE.  As  expected,  the 
number  and  intensity  of  ions  in  Fig.  4  are  not  as  high  as  those  in 
Fig.  3  where  the  BChE  peptide  had  undergone  more  extensive 
purification  before  the  protein  was  denatured  and  digested. 

Identification  of  Carbamate  Adducted  BChE  Peptide  in 
Patient  Poisoned  by  Aidicarb 

The  MRM  triggered  MSMS  spectrum  of  the  adducted  BChE 
peptide  isolated  from  2  ml  serum  of  the  patient  poisoned  with 
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Figure  4.  MSMS  spectrunn  of  the  aged  chlorpyrifos  oxon  labeled  BChE 
tryptic  peptide  fronn  serunn  taken  from  the  patient  exposed  to  an 
unknown  poison.  The  quadruple-charged  parent  ion  of  760.1  m/z  is  con¬ 
sistent  with  aged  chlorpyrifos  oxon  labeled  BChE  peptide. 


Figure  5.  MSMS  spectrum  of  the  Aldicarb  labeled  BChE  tryptic  peptide 
from  serum  taken  from  the  Aldicarb-poisoned  patient.  The  quadruple- 
charged  parent  ion  has  a  mass  to  charge  ratio  of  747.1  m/z. 

Aldicarb  is  shown  in  Fig.  5.  The  mass  of  the  parent  ion  and  the 
masses  of  the  y9  and  ylO  ions  are  consistent  with  the  masses  in 
Table  2  for  the  BChE  active  site  peptide  labeled  with  carbamate. 
The  other  ions  whose  masses  are  indicated  in  Fig.  5  support  the 
assignment  of  the  peptide  as  the  BChE  active  site  peptide.  The 
ion  series  is  incomplete  as  it  is  missing  the  covalently  modified 
serine  at  y22  and  b8.  The  BChE  would  need  to  be  more  highly 
purified  to  generate  a  more  complete  mass  spectrum.  This  is  a 
difficult  task  because  of  the  instability  of  the  carbamate  adduct. 

The  instability  of  carbamate-adducted  BChE  is  illustrated  in 
Fig.  6,  where  a  1 0  |tI  sample  of  serum  from  the  patient  poisoned 
with  Aldicarb  was  assayed  for  BChE  activity. The  increase  in  absor¬ 
bance  at  41 2  nm  was  not  linear  with  time.  Rather  it  became  faster 
as  time  elapsed,  giving  an  upward  curve.  This  behavior  is  charac¬ 


Figure  6.  Spontaneous  reactivation  of  Aldicarb-inhibited  BChE.  BChE 
activity  in  Aldicarb-poisoned  sera  was  measured  with  1  mM  butyrylthio- 
choline  in  1  ml  of  0.1  M  potassium  phosphate  pFI  7.0  in  the  presence  of 
0.5  mM  dithiobisnitrobenzoic  acid  by  recording  increase  in  absorbance  at 
41 2  nm.  BChE  activity  was  0.07  units  mM  at  the  beginning  of  the  mea¬ 
surement  and  was  0.34  units  ml“^  at  23  min. 

teristic  of  an  increase  in  enzyme  activity  with  time.  After  23  min 
the  activity  had  increased  4.8-fold  over  the  activity  at  time  zero. 
The  increase  in  BChE  activity  can  be  explained  by  spontaneous 
decarbamylation  of  the  active  site  serine.  Spontaneous  reactiva¬ 
tion  is  a  problem  because  our  goal  is  to  detect  covalently  modi¬ 
fied  BChE.  Denaturation  of  the  BChE  protein  stops  spontaneous 
reactivation  as  previously  demonstrated  for  a  carbofuran- 
poisoned  plasma  sample  (Li  et  al.,  2009). To  maximize  the  amount 
of  carbamylated  BChE  peptide  available  for  analysis  it  is  impor¬ 
tant  to  freeze  the  serum  or  plasma  sample  immediately  after  the 
blood  draw,  to  rapidly  purify  the  BChE  protein  after  the  frozen 
plasma  has  thawed  and  to  denature  the  BChE  immediately  after 
it  has  been  purified. 

DISCUSSION 

Limitations  of  the  Method 

The  major  limitation  of  this  mass  spectrometry  method  is  the  need 
to  purify  BChE  from  plasma.  Before  it  becomes  practical  to  use 
mass  spectrometry  for  detection  of  pesticide  exposure,  it  will  be 
necessary  to  devise  a  simple  purification  method  that  yields  pure 
BChE  in  one  step.  Mass  spectrometers  are  expensive  and  require 
highly  skilled  personnel  to  operate  them,  but  mass  spectrometers 
are  already  used  in  US  hospitals  for  routine  clinical  assays.  A  clini¬ 
cian  reviewer  of  this  manuscript  pointed  out  that  a  clinician  will 
treat  a  patient  based  on  the  symptoms,  and  will  not  wait  for 
information  on  the  identity  of  the  poison.  We  agree  with  this 
assessment,  but  point  out  that  understanding  the  progress  of  the 
illness  may  require  knowing  the  identity  of  the  poison.  For 
example  Eddleston  has  found  that  patients  poisoned  with 
fenthion  have  few  symptoms  initially,  but  many  more  die  from 
fenthion  than  from  chlorpyrifos-poisoning  (Eddleston  et  al.,  2005). 
Eddleston  suggests  that  patients  might  benefit  from  manage¬ 
ment  protocols  developed  for  particular  organophosphorus 
agents,  a  suggestion  that  requires  knowing  the  identity  of  the 
poison. 

Another  limitation  of  the  method  is  that  it  cannot  distinguish 
between  pesticide  exposures  that  yield  adducts  with  an  identical 
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mass.  For  example,  paraoxon-ethyl  and  chorpyrifos  oxon-ethyl 
both  form  diethoxyphosphate  adducts  with  an  added  mass  of 
+136.  The  reaction  of  BChE  with  Aldicarb,  carbofuran,  Baygon, 
carbaryl,  aldoxycarb,  formetanate,  methiocarb,  methomyl, 
oxamyl,  propoxur,  physovenine  and  physostigmine  results  in 
identical  adducts  with  an  added  mass  of +57. 

Advantages  of  the  Method 

The  adduct  mass  distinguishes  classes  of  pesticides.  OP  pesticide 
adducts  have  masses  that  are  distinct  from  masses  of  carbamate 
pesticide  adducts  and  these  are  distinct  from  OP  nerve  agent 
adducts.  The  presence  of  a  BChE  adduct  is  proof  that  the  person 
was  exposed  to  live  agent,  as  opposed  to  a  metabolite  or  degra¬ 
dation  product.  Only  the  live  agent  is  capable  of  binding 
covalently  to  BChE.  The  Centers  for  Disease  Control  and  Preven¬ 
tion  reported  that  96%  of  the  1 997  Americans  in  their  study  con¬ 
tained  pesticide  metabolites  in  their  urine  (Barr  etal,  2005).  This 
information  does  not  reveal  whether  Americans  are  exposed  to 
live  agent  or  simply  to  harmless  pesticide  degradation  products. 

Exposure  to  nerve  agents,  organophosphorus  pesticides  and 
carbamate  pesticides  can  cause  similar  toxic  symptoms  and 
result  in  similar  levels  of  butyrylcholinesterase  inhibition.  Our 
mass  spectrometry  method  distinguishes  between  these  classes 
of  poison.  Knowledge  of  the  type  of  cholinesterase  inhibitor  to 
which  a  person  was  exposed  could  be  useful  to  forensic  toxicolo¬ 
gists.  It  would  aid  in  tracing  the  source  of  the  inhibitor. 

Epidemiologists  have  linked  OP  exposure  to  risk  of  Parkinson's 
and  Alzheimer's  Disease  in  old  age  (Baldi  etal.,  2003;  Hancock 
etal.,  2008).  Gulf  War  Illness  in  veterans  of  the  1991  Persian  Gulf 
War  has  been  linked  to  OP  exposure  (Toomey  etal.,  2009). 
Depression  and  cognitive  impairment  have  also  been  linked  to 
OP  exposure  (Beseler  etal.,  2008).  Laboratory  evidence  proving 
exposure  to  live  agent  would  strengthen  these  associations. 

CONCLUSION 

A  mass  spectrometry  method  to  identify  exposure  to  organo¬ 
phosphorus  and  carbamate  pesticides  has  been  developed.  The 
method  identifies  pesticides  covalently  bound  to  butyrylcho¬ 
linesterase  in  human  blood.  Success  depends  on  achieving  a  high 
level  of  purification  of  butyrylcholinesterase  from  serum,  thus 
enabling  detection  of  the  modified  peptide.  This  is  the  first  report 
to  identify  dichlorvos,  chlorpyrifos  oxon  and  Aldicarb  adducts  on 
butyrylcholinesterase  in  the  blood  of  patients  hospitalized  for 
pesticide  overdose. 
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Studies  in  mice  and  guinea  pigs  have  shown  that  albumin  is 
a  new  biomarker  of  organophosphorus  toxicant  (OP)  and  nerve 
agent  exposure.  Our  goal  was  to  determine  whether  OP-labeled 
albumin  could  be  detected  in  the  blood  of  humans  exposed 
to  OP.  Blood  from  four  OP-exposed  patients  was  prepared  for 
mass  spectrometry  analysis  by  digesting  0.010  ml  of  serum 
with  pepsin  and  purifying  the  labeled  albumin  peptide  by  offline 
high  performance  liquid  chromatography.  Dimethoxyphosphate- 
labeled  tyrosine  411  was  identified  in  albumin  peptides 
VRY411TKKVPQVSTPTL  and  LVRY4nTKKVPQVSTPTL  from 
two  patients  who  had  attempted  suicide  with  dichlorvos.  The 
butyrylcholinesterase  activity  in  these  serum  samples  was  inhibited 
80%.  A  third  patient  whose  serum  BCtiE  activity  was  inhibited  8% 
by  accidental  inhalation  of  dichlorvos  had  undetectable  levels  of 
adduct  on  albumin.  A  fourth  patient  whose  BCtiE  activity  was 
inhibited  60%  by  exposure  to  chlorpyrifos  had  no  detectable  adduct 
on  albumin.  This  is  the  first  report  to  demonstrate  the  presence  of 
OP-labeled  albumin  in  human  patients.  It  is  concluded  that  tyrosine 
411  of  human  albumin  is  covalently  modified  in  the  serum  of 
humans  poisoned  by  dichlorvos  and  that  the  modification  is 
detectable  by  mass  spectrometry.  The  special  reactivity  of  tyrosine 
411  with  OP  suggests  that  other  proteins  may  also  be  modified  on 
tyrosine.  Identification  of  other  OP-modified  proteins  may  lead  to 
an  understanding  of  neurotoxic  symptoms  that  appear  long  after 
the  initial  OP  exposure. 

Key  Words:  organophosphorus  toxicant;  albumin; 
butyrylcholinesterase;  mass  spectrometry. 


Organophosphorus  toxicants  (OP)  are  toxic  chemicals  used 
in  agriculture,  medicine,  and  warfare.  Their  acute  toxicity  is  due 
to  inhibition  of  acetylcholinesterase  in  the  cholinergic  nervous 
system  by  covalent  modification  of  the  active  site  serine. 
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OP  are  also  highly  effective  inhibitors  of  butyrylcholinesterase 
(BChE,  accession  number  gi:  116353),  though  inhibition  of 
BChE  has  no  known  clinical  sequelae.  Carbamates  also  inhibit 
cholinesterases  by  covalently  binding  to  the  active  site  serine. 
Acylpeptide  hydrolase  in  red  blood  cells  is  10  times  more 
reactive  with  dichlorvos,  chlorpyrifos  oxon,  and  diisopropyl- 
fluorophosphate  than  acetylcholinesterase  and  has  the  potential 
to  serve  as  a  biomarker  of  OP  exposure  (Quistad  et  ai,  2005; 
Richards  et  ai,  2000). 

We  have  successfully  used  mass  spectrometry  to  identify 
covalently  labeled  BChE  peptides  from  patients  poisoned  with  the 
OP,  dichlorvos  and  chlorpyrifos,  and  with  the  carbamates, 
carbofuran  and  Aldicarb  (Li  et  al,  2009,  2010).  To  find  these 
peptides,  we  had  to  develop  methods  for  the  purification  of 
carbamate-labeled  and  OP-labeled  BChE  from  2  ml  plasma  or 
serum.  We  were  then  able  to  use  mass  spectrometry  to  demonstrate 
covalent  binding  of  these  poisons  to  serine  198  of  human  BChE,  to 
identify  the  mass  of  the  adduct  on  serine  198,  and  to  deduce  the 
type  of  pesticide  to  which  the  patient  was  exposed. 

The  purpose  of  the  present  work  was  to  determine  whether 
albumin  is  labeled  in  people  who  have  been  exposed  to  OP.  Mice 
(Peeples  et  ai,  2005)  and  guinea  pigs  (Read  et  ai,  2010;  Williams 
et  ai,  2007)  treated  with  OP  in  vivo  have  covalently  bound  OP  on 
albumin.  Mass  spectrometry  has  identified  tyrosine  411  of  human 
albumin  (accession  number  gi:  1229205 12)  as  the  residue  that 
is  covalently  modified  by  dichlorvos,  chlorpyrifos  oxon, 
diisopropylfluorophosphate,  soman,  sarin,  and  fluorophosphinate- 
biotin  when  human  albumin  or  plasma  is  treated  ex  vivo  with 
these  OP  (Li  et  ai,  2007). 

The  rate  of  reaction  of  albumin  with  OP  is  slow  compared  with 
the  rate  of  reaction  of  BChE  with  OP  (Li  et  aL,  2008).  However, 
there  is  a  10,000-fold  higher  concentration  of  albumin 
(0.6mM;  40,000  mg/1)  compared  with  BChE  (50nM;  4  mg/1); 
in  human  serum.  This  difference  in  concentration  compen¬ 
sates  for  the  slow  reactivity,  resulting  in  OP  labeling  of  albumin 
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in  vivo.  The  most  reactive  residue  in  human  albumin  is 
tyrosine  411,  though  other  tyrosines  are  also  labeled  when 
conditions  are  maximized  in  vitro  (Ding  et  ai,  2008;  Means  and 
Wu,  1979).  Tyrosine  411  can  be  found  in  peptic  peptides 
VRY411TKKVPQVSTPTL  and  LVRY411TKKVPQVSTPTL, 
which  are  related  by  a  missed  cleavage.  The  most  reactive 
residue  in  BChE  is  serine  198  in  the  tryptic  peptide 
SVTLFGESiggAGAASVSLHLLSPGSHSLFTR. 

The  adducts  on  albumin  and  BChE  after  reaction  with 
dichlorvos  and  chlorpyrifos  oxon  are  shown  in  Figure  1.  OP- 
albumin  adducts  are  stable,  whereas  OP-BChE  adducts  lose  an 
alkyl  group  in  a  process  called  “aging.  ”  The  present  report  is  the 
first  to  identify  OP-albumin  adducts  in  humans  exposed  to  OP. 

MATERIAL  AND  METHODS 

Materials 

Pepsin  (Sigma,  St  Louis,  MO;  catalog  number  P6887  from  porcine  gastric 
mucosa)  1  mg/ml  in  lOmM  HCl  was  stored  at  —  80°C.  Alpha-cyano 
4-hydroxy  cinnamic  acid  (CHCA;  Sigma;  catalog  number  70990)  was  recrystal¬ 
lized  before  use.  A  10  mg/ml  solution  in  50%  acetonitrile,  0.1%  trifluoroacetic 
acid  was  stored  at  room  temperature  in  the  dark.  Purihed  human  serum 
albumin,  essentially  fatty  acid  free  (Fluka  via  Sigma;  catalog  number  05418), 
butyrylthiocholine  (catalog  number  B3253),  and  dithiobisnitrobenzoic  acid 
(catalog  number  D8130)  were  from  Sigma.  Modihed  trypsin  (Promega, 
Madison,  WI;  catalog  number  V5113)  0.4  pg/pl  in  50mM  acetic  acid  was 
stored  at  — 80°C.  Chlorpyrifos  oxon  98%  pure  and  dichlorvos  98%  pure  were 
from  ChemService  Inc.  (West  Chester,  PA;  catalog  numbers  MET-674B  and 
PS-89,  respectively). 

Human  serum.  Serum  samples  from  three  attempted  suicides  and  one 
accidentally  poisoned  individual  were  provided  by  Dr  Ivan  Ricordel,  Paris 
Police  in  a  protocol  approved  by  the  Institutional  Review  Board  of  the 
University  of  Nebraska  Medical  Center.  The  samples  were  shipped  on  dry  ice 


and  stored  at  —  80°C.  The  name  of  the  poison  in  three  cases  was  established 
from  the  reports  of  family  members  who  found  bottles  of  dichlorvos  pesticide 
in  the  home.  The  name  of  the  poison  in  one  case  was  unknown  but  was 
identihed  as  chlorpyrifos  (Li  et  ai,  2010). 

The  two  patients  who  attempted  suicide  with  dichlorvos  had  severe 
chohnergic  symptoms,  including  bilateral  myosis  and  hypersalivation.  One 
patient  was  unconscious  when  admitted  to  the  hospital.  The  other  was  drowsy 
without  coma.  The  patient  who  accidentally  inhaled  dichlorvos  had  a  brief  period 
of  respiratory  difhculty  and  paresthesis  in  four  limbs  but  no  other  symptoms. 
Nothing  is  known  about  the  patient  who  attempted  suicide  with  chlorpyrifos. 

BChE  activity  assay.  BChE  activity  was  measured  with  ImM  butyrylth¬ 
iocholine  in  O.IM  potassium  phosphate  pH  7.0  in  the  presence  of  0.5mM 
dithiobisnitrobenzoic  acid  by  measuring  the  increase  in  absorbance  at  412  nm 
at  25°C.  The  reaction  rate  in  delta  absorbance  per  minute  was  converted  to 
micromoles  per  minute  using  the  extinction  coefficient  E  =  13600/M-cm 
(Ellman  et  ai,  1961).  One  unit  of  activity  is  dehned  as  1  pmol  of  substrate 
hydrolyzed  per  minute. 

Pepsin  digestion  to  release  labeled  albumin  peptide.  From  previous 
work,  it  was  known  that  tyrosine  411  of  human  albumin  is  labeled  by  OP  and 
that  the  labeled  peptide  is  easily  released  by  digestion  with  pepsin  (Li  et  ai, 
2007,  2008).  It  was  also  known  that  the  labeled  albumin  peptide  could  be 
detected  in  the  mass  spectrometer  if  the  peptide  was  isolated  by  offline  high 
performance  liquid  chromatography  (HPLC)  before  liquid  chromatography 
tandem  mass  spectrometry  (LCMSMS).  A  0.01  ml  aliquot  of  human  serum  was 
adjusted  to  pH  2.5  by  addition  of  0.01  ml  of  1%  trifluoroacetic  and  digested 
with  2.5  pg  of  pepsin  for  2  h  at  37°C. 

Offline  HPLC  purification  of  the  peptic  albumin  peptides  from  patient 
samples.  Peptides  in  the  digested  serum  were  purifled  by  HPLC  (Waters  LC 
625  system)  on  a  Phenomenex  Prodigy,  5  p  C18  column  100  X  4.6mm  eluted 
with  a  60-min  gradient  starting  at  0.1%  trifluoroacetic  acid  in  water  and  ending 
at  60%  acetonitrile,  0.1%  trifluoroacetic  acid,  at  a  flow  rate  of  1  ml/min.  One- 
milliliter  fractions  were  collected.  A  1  pi  aliquot  from  each  1  ml  fraction  was 
analyzed  by  matrix  assisted  laser  desorption  ionization-time  of  flight  (MALDI- 
TOF)  mass  spectrometry  to  identify  fractions  containing  the  unlabeled  albumin 
tyrosine  411  peptides  VRY411TKKVPQVSTPTL  m/z  1717  and 
LVRY411TKKVPQVSTPTL  m/z  1830.  When  starting  with  10  pi  of  serum 
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FIG.  1.  Covalent  binding  of  dichlorvos  and  chlorpyrifos  oxon  to  albumin  and  BChE.  Tyrosine  41 1  of  human  albumin  makes  a  covalent  bond  with  dichlorvos, 
adding  a  mass  of  108  amu,  and,  with  chlorpyrifos  oxon,  adding  a  mass  of  136  amu.  Adducts  on  tyrosine  do  not  age.  Serine  198  of  human  BChE  makes  covalent 
bonds  with  dichlorvos  and  chlorpyrifos  oxon.  The  BChE  adducts  dealkylate  during  the  aging  process  so  that  the  added  masses  characteristically  observed  in 
the  mass  spectrometer  are  94  and  108  amu.  The  dimethoxyphosphate  adduct  on  human  BChE  ages  with  a  half-time  of  3.9  h  (Worek  et  al.,  1999),  whereas  the 
diethoxyphosphate  adduct  ages  with  a  half-time  of  11.6  h  (Masson  et  al.,  1997).  The  amino  acid  sequence  of  human  BChE  is  in  accession  number  gi:  116353  in 
the  National  Center  for  Biotechnology  Information  nonredundant  database  and  that  of  human  albumin  in  accession  number  gi:  1229205 12. 
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from  a  patient  sample,  the  unlabeled  peptides  were  detectable  by  MALDI-TOF 
but  the  labeled  peptides  were  present  at  too  low  a  level  to  be  detectable. 
However,  the  elution  position  of  the  labeled  peptides  could  be  estimated  from 
previous  studies.  The  unlabeled  albumin  tyrosine  411  peptides  eluted  between 
19-24%  acetonitrile,  whereas  labeled  peptides  eluted  1-8  min  later.  HPLC 
fractions  predicted  to  contain  the  labeled  peptides  were  dried  in  a  vacuum 
centrifuge  and  dissolved  in  50  pi  of  5%  of  acetonitrile,  0.1%  formic  acid  in 
preparation  for  analysis  on  the  QTRAP  4000  mass  spectrometer. 

Reaction  of  human  plasma  with  chlorpyrifos  oxon  and  dichlorvos.  Human 
plasma  was  treated  with  0.1-1.5mM  chlorpyrifos  oxon  or  dichlorvos  for  16  h 
at  37°C.  A  10  pi  aliquot  was  mixed  with  10  pi  of  1%  trifluoroacetic  acid  before 
digestion  with  1  pi  of  1  mg/ml  pepsin.  After  2-h  incubation  at  37°C,  the  digest 
was  diluted  400-fold  with  0.1%  trifluoroacetic  acid  and  1  pi  was  spotted  on 
a  matrix  assisted  laser  desorption  ionization  (MALDI)  plate. 

The  labeled  and  unlabeled  albumin  tyrosine  411  peptides  were  identified  in 
the  same  MALDI-TOF  mass  spectrum.  Unlabeled  peptides  had  masses  of  1717 
and  1830  amu.  Chlorpyrifos  oxon-labeled  peptides  had  masses  of  1853  and 
1966  amu.  Dichlorvos-labeled  peptides  had  masses  of  1825  and  1938  amu. 
Relative  quantities  of  labeled  and  unlabeled  peptides  were  calculated  by 
comparison  of  cluster  areas  using  the  Data  Explorer  software.  This  method  of 
quantitation  assumes  that  the  labeled  and  unlabeled  peptides  ionize  with  similar 
efficiencies.  Each  sample  serves  as  its  own  internal  control  because  the  peptides 
are  in  the  same  MALDI  spot  in  the  same  MALDI  spectrum. 

MALDI-TOF  mass  spectrometry.  A  1  pi  ahquot  of  essentially  salt-free 
sample  was  spotted  onto  a  384  well  Opti-TOF  sample  plate  (#1016491;  Applied 
Biosystems,  Foster  City,  CA).  After  the  spot  was  dry,  it  was  overlaid  with  1 
pi  of  CHCA  matrix.  Mass  spectrometry  spectra  were  acquired  with  a  matrix 
assisted  laser  desorption  ionization  tandem  time  of  flight  4800  mass 
spectrometer  (Applied  Biosystems),  in  positive  reflector  mode,  with  laser 
intensity  at  4000  V,  using  delayed  extraction,  and  default  calibration.  Spectra 
were  saved  to  Data  Explorer  V4.9  software  for  analysis.  Each  spectrum  was 
the  sum  of  500  laser  shots.  The  mass  spectrometer  was  calibrated  with  Cal 
Mix  5  (bradykinin,  2-9  clip;  angiotensin  I;  Glu-fibrinopeptide  B; 
adrenocorticotropic  hormone  [ACTH],  1-17  clip;  ACTH,  18-39  clip;  and 
ACTH,  7-38  clip  from  Applied  Biosystems  Inc.,  Framingham,  MA). 

Multiple  reaction  monitoring  on  the  QTRAP  4000  mass  spectrometer 
(Applied  Biosystems).  Five  microliter  aliquots  from  selected  fractions  of 
HPLC -purified  peptic  peptides  from  patient  sera  were  injected  onto  a  Vydac  Cl  8 
polymeric  reverse-phase  nanocolumn  for  a  second  phase  of  HPLC  separation. 
Peptides  were  separated  on  a  HPLC  nanocolumn  (#218MS3.07515  Vydac  Cl 8 
polymeric  rev-phase,  75  pm  i.d.  X  150  mm  long;  P.J.  Cobert  Assoc,  St  Louis, 
MO)  with  a  90  min  linear  gradient  from  0  to  60%  acetonitrile,  0.1%  formic  acid, 
at  300  nl/min,  and  electrosprayed  through  a  fused  silica  emitter  (360  pm  o.d.,  75 
pm  i.d.,  15  pm  taper.  New  Objective)  directly  into  the  QTRAP  4000,  a  hybrid 
quadrupole  linear  ion  trap  mass  spectrometer.  The  mass  spectrometer  was 
calibrated  on  selected  fragments  from  the  tandem  mass  spectrometry  (MSMS) 
spectrum  of  Glu-Fibrinopeptide  B.  The  MSMS  data  were  collected  and 
processed  using  Analyst  1 .4. 1  software  (Applied  Biosystems). 

The  QTRAP  4000  was  operated  in  multiple  reaction  monitoring  (MRM)  mode. 
The  MRM  algorithm  screens  ions  entering  the  mass  spectrometer  for  selected 
parent  ion  masses,  fragments  the  selected  parent  ions  when  they  appear,  and 
examines  the  fragments  for  selected  product  ions.  A  signal  is  recorded  when  both 
the  correct  parent  and  the  product  ions  are  observed.  Prehminary  experiments 
showed  that  triply  charged  parent  ions  gave  better  signals  in  the  QTRAP  mass 
spectrometer  than  did  doubly  charged  parent  ions.  For  dichlorvos-labeled  samples, 
a  strong  product  ion  fragment  was  observed  at  748.8  amu  (bi2)^^  from  parent 
peptide  VRY4nTKKVPQVSTPTL,  [M  +  3H]+^  =  609.4  amu.  A  strong  product 
ion  was  observed  at  805.3  amu  (bi2)^^  from  parent  peptide 
LVRY411TKKVPQVSTPTL,  [M  +  3H]+^  =  647.4  amu.  These  parent/product 
ion  pairs  were  used  in  the  MRM  experiments  on  dichlorvos-labeled  samples.  The 
dwell  time  for  collecting  the  MRM  signals  was  40  ms,  collision  energy  was  30  V, 
and  collision  gas  was  pure  nitrogen  (40  pTorr).  Data  were  collected  using  an 
Information  Directed  Acquisition  protocol  that  triggered  the  collection  of  an 


enhanced  product  ion  spectmm  (MSMS)  following  the  detection  of  a  peptide  of 
interest  by  the  MRM  algorithm.  The  enhanced  product  ion  spectmm  was  taken 
using  the  trap  function  of  the  QTRAP  mass  spectrometer.  Collision  energy  was  30 
V,  collision  gas  was  pure  nitrogen  (40  pTorr),  scan  rate  was  4000  Da/s,  and  10 
enhanced  product  ion  scans  were  summed  for  each  spectmm. 

LCMSMS  on  the  QTRAP  4000  mass  spectrometer.  Samples  that  gave 
a  positive  result  in  the  MRM  method  were  also  analyzed  by  LCMSMS.  In 
addition,  the  LCMSMS  method  was  used  to  test  unfractionated  pepsin-digested 
semm.  The  digested  semm  was  diluted  2000-fold  with  5%  acetonitrile,  0.1% 
formic  acid  to  reduce  the  protein  concentration  to  0.5  pg/pl  (~7  pmol  albumin 
per  pi).  Protein  concentration  was  estimated  from  absorbance  at  280  nm  in  the 
NanoDrop  spectrophotometer  (Thermo  Scientific,  Wilmington,  DE)  relative  to 
albumin  standards.  Five  microliter  of  the  diluted  digest  were  separated  on  an 
HPLC  nanocolumn  and  electrosprayed  into  the  QTRAP  4000  mass 
spectrometer  as  described  for  the  MRM  experiment. 

An  information  directed  acquisition  protocol  triggered  the  collection  of  an 
enhanced  resolution  spectmm  and  an  enhanced  product  ion  spectrum  on  the 
four  most  intense  ions  entering  the  mass  spectrometer  having  an  m/z  between 
200  and  1500,  a  charge  state  of  +2  to  +4  and  an  intensity  greater  than 
500,000  counts  per  second.  After  an  ion  was  analyzed  twice,  it  was  excluded 
from  analysis  for  60  s.  Collision  energy  was  determined  by  the  mass 
spectrometer  based  on  mass  and  charge  state  of  the  ion.  Collision  gas  was  pure 
nitrogen  (40  pTorr),  and  the  scan  rate  was  4000  Da/s.  Because  of  the  time 
required  to  obtain  this  series  of  scans,  only  one  enhanced  product  ion  scan  was 
taken  for  each  ion.  An  ion  spray  voltage  of  1900  V  was  maintained  between  the 
emitter  and  the  mass  spectrometer.  The  mass  spectrometer  was  calibrated  using 
MSMS  fragments  of  Glu-Fibrinopeptide  B. 

The  MSMS  data  files  were  searched  for  spectra  that  included  a  singly 
charged  mass  of  330  amu.  The  330  amu  mass  is  the  y3  ion  in  both  labeled  and 
unlabeled  albumin  peptides  VRYTKKVPQVSTPTL  and  LVRYTKKVPQVST 
PTL.  The  extracted  ion  chromatogram  feature  of  the  Analyst  software  (version 
1 .4)  was  used  for  the  search.  MSMS  spectra  were  accepted  if  the  other  masses 
in  the  spectra  matched  the  fragment  masses  for  the  albumin  peptides.  Predicted 
fragment  masses,  for  comparison  with  the  observed  fragment  masses,  were 
calculated  with  the  aid  of  the  fragment  ion  calculator  in  the  Proteomics  Toolkit 
(http://db.systemsbiology.net:8080/proteomicsToolkit/FragionServlet.html). 

Infusion  into  the  QTRAP  4000  mass  spectrometer.  The  MRM  and 
LCMSMS  protocols  proved  that  the  VRYTKKVPQVSTPTL  and 
L VRYTKKVPQVSTPTL  peptides  had  a  mass  108  amu  higher  than  the  mass  of 
the  unlabeled  peptides.  However,  the  MSMS  spectra  did  not  show  the  b  ion  masses 
that  proved  the  adduct  was  on  tyrosine  411.  To  obtain  proof  that  the  reaction  of 
dichlorvos  with  albumin  resulted  in  covalent  modification  of  tyrosine  411,  we 
treated  0.1  ml  of  a  50  mg/ml  solution  of  pure  human  albumin  in  25mM  NH4HCO3 
pH  8.5  with  1.5mM  dichlorvos  overnight.  The  albumin  was  digested  with  pepsin 
and  the  peptides  purified  by  offline  HPLC.  Purified  peptides  were  dried  and 
dissolved  in  50%  acetonitrile,  25%  methanol,  and  1%  acetic  acid  in  preparation  for 
infusion.  Samples  were  infused  into  the  QTRAP  mass  spectrometer  because 
infusion  allows  one  to  sum  hundreds  of  MSMS  spectra  into  one  final  spectrum, 
whereas  the  MRM  method  sums  ten  spectra  and  the  LCMSMS  method  only  one 
MSMS  spectmm.  The  improved  signal-to-noise  ratio  after  summing  500  MSMS 
spectra  in  the  infusion  method  reveals  low-intensity  ions. 

Initially,  a  mass  spectmm  was  taken  to  identify  the  ions  in  the  sample.  Masses 
consistent  with  those  expected  for  dichlorvos-labeled  peptic  peptides  were  then 
fragmented  in  the  mass  spectrometer.  Collision  gas  was  nitrogen  (40  pTorr), 
collision  energy  was  optimized  for  maximum  fragment  information,  and  the  scan 
rate  was  4000  Da/s.  The  final  spectmm  was  the  sum  of  500  MSMS  spectra. 

RESULTS 

MRM  for  Detection  of  Dichlorvos-Albumin  Adducts 

Use  of  the  MRM  feature  of  the  mass  spectrometer  requires 
one  to  know  the  masses  of  the  parent  and  product  ions  that  best 
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indicate  the  presence  of  the  desired  peptide.  This  information 
was  obtained  from  MSMS  spectra  of  dichlorvos -labeled  pure 
human  albumin  peptic  peptides.  The  MSMS  spectra  acquired 
in  the  QTRAP  4000  mass  spectrometer  showed  that  the  parent 
ions  were  most  readily  detectable  in  the  triply  charged  state. 
The  bl2  product  ion  (also  called  transition  and  daughter  ion)  in 
charge  state  +  2  was  intense  for  the  OP-labeled  VRYT 
KKVPQVSTPTL  peptide.  The  bl3  product  ion  in  charge  state 
+  2  was  intense  for  the  OP-labeled  LVRYTKKVPQVSTPTL 
peptide.  Therefore,  the  triply  charged  parent  ion  masses  and  the 
doubly  charged  product  ion  masses  listed  in  Table  1  were 
selected  for  MRM. 

Sera  from  Dichlorvos-Poisoned  Patients  Contain  Dichlorvos 

Adducts  on  Tyrosine  411  of  Albumin 

Albumin  peptides  partially  purified  from  0.010  ml  patient 
serum  were  subjected  to  reverse-phase  liquid  chromatography 
followed  by  electrospray  ionization  and  fragmentation  in 
the  triple  quadrupole  linear  ion  trap  mass  spectrometer.  The 
mass  spectrometer  was  programmed  to  search  for  the  ion 
partners  listed  in  Table  1.  An  example  of  an  MRM  hit  is  given 
in  Figure  2,  where  two  parent  ions  coeluted  from  the 
nanocolumn  at  the  same  time.  Parent  ion  609.4  m/z  had 
product  ion  748.8  m/z.  Parent  ion  647.4  had  product  ion  805.3. 
A  positive  MRM  signal  does  not  prove  that  the  ion  represents 
the  peptide  of  interest.  Proof  comes  from  the  MSMS  spectrum, 
which  is  automatically  acquired  following  the  appearance  of  an 
MRM  signal. 

The  MSMS  spectrum  for  the  triply  charged  parent  ion  at 
609.4  m/z  is  given  in  Figure  3 A.  The  mass  of  the  parent  ion  is 
consistent  with  the  peptide  VRYTKKVPQVSTPTL  plus  an 
added  mass  from  dichlorvos  of  108  amu.  The  y  and  b  ion  series 
fit  the  predicted  peptide  sequence  and  appear  with  approxi¬ 
mately  the  same  relative  intensities  as  the  ions  from  a  control 
sample  of  dichlorvos-labeled  peptide  (Figure  3B).  These 
observations  provide  strong  evidence  that  the  609.4  amu  mass 
is  dichlorvos-labeled  albumin  peptide  VRYTKKVPQVSTPTL. 

There  is  no  direct  proof  in  this  spectrum  that  the 
dimethoxyphosphate  is  attached  to  tyrosine  because  there  are 


TABLE  1 

MRM  Transitions  for  the  Albumin  Peptides 


Albumin  peptide 

Parent  ion. 

Product  ion  bl2. 

VRYTKKVPQVSTPTL 

charge  +  3  m/z 

charge  +  2  m/z 

No  label 

573.3 

694.8 

Dichlorvos  labeled; 

609.4 

748.8 

added  mass  +  108 

Albumin  peptide 

Parent  ion. 

Product  ion  bl3. 

LVRYTKKVPQVSTPTL 

charge  +  3  m/z 

charge  +  2  m/z 

No  label 

611.1 

751.4 

Dichlorvos  labeled; 

647.4 

805.3 

added  mass  +  108 

Note.  Average  masses  are  listed.  The  accession  number  for  human  albumin 
in  the  NCBI  nonredundant  database  is  gi:  1229205 12. 


no  signals  for  the  b2  and  b3  ions  that  define  tyrosine  411. 
However,  the  masses  of  the  remainder  of  the  b  ions  in  the 
spectrum  (bv),  (bio),  (bn)^^,  (bi2)^^,  and  (bi4)^^  are  all 
consistent  with  the  presence  of  the  label.  Therefore,  the  labeled 
residue  must  reside  on  the  VRYTKKVP  portion  of  the  peptide. 
There  are  four  nucleophilic  residues  in  that  portion  of  the 
peptide  that  could  theoretically  react  with  dichlorvos:  tyrosine, 
threonine,  and  two  lysines.  The  interpretation  that  the  OP  is 
covalently  bound  to  tyrosine  relies  on  comparison  with  the 
MSMS  spectrum  of  pure  albumin  treated  with  dichlorvos 
where  the  b2  ion  at  256.2  amu  carries  no  label  but  the  b3  ion  at 
527.5  amu  has  a  mass  consistent  with  dimethoxyphosphor- 
ylation  of  tyrosine  (Figure  3B). 

The  MSMS  spectrum  for  the  second  dichlorvos-labeled 
peptide  isolated  from  a  poisoned  patient  is  given  in  Figure  4. 
The  triply  charged  parent  ion  has  a  mass  of  647.4  m/z, 
consistent  with  the  peptide  LVRYTKKVPQVSTPTL  plus  an 
added  mass  of  108  from  dichlorvos.  The  y  and  b  ion  series  fit 
the  predicted  peptide  sequence.  The  masses  of  all  observed 
b  ions  are  consistent  with  an  added  mass  of  108  amu  on 
tyrosine. 

The  patient  samples  were  reanalyzed  by  LCMSMS  without 
using  the  MRM  feature  of  the  QTRAP  4000.  The  output 
mass  spectrometry  spectra  were  manually  searched  for 
the  dichlorvos-labeled  parent  ions  609.4  and  647.4  m/z.  Both 
parent  ions  were  found.  They  eluted  from  the  nanocolumn  at 
about  40  min.  The  MSMS  spectra  acquired  from  LCMSMS 
analysis  supported  an  added  mass  of  108  on  peptides 
VRYTKKVPQVSTPTL  and  LVRYTKKVPQVSTPTL.  How¬ 
ever,  peak  intensities  were  lower  than  MSMS  spectra  acquired 
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FIG.  2.  MRM  transitions  for  dichlorvos-labeled  albumin  peptides.  Two 
parent  ions  eluted  at  the  same  time  from  the  nanocolumn.  The  triply  charged 
parent  ion  at  609.4  m/z  has  a  product  ion  at  748.8  m/z.  The  triply  charged  parent 
ion  at  647.4  m/z  has  a  product  ion  at  805.3  m/z.  Q1  is  the  mass  of  the  parent  ion. 
Q3  is  the  mass  of  the  product  ion.  MRM  spectra,  such  as  this,  for  dichlorvos- 
labeled  albumin  were  obtained  from  the  blood  of  two  humans  poisoned  by 
dichlorvos. 
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FIG.  3.  MSMS  spectra  of  dichlorvos-labeled  albumin  peptide  VRY411 
TKKVPQVSTPTL  where  dimethoxyphosphate  is  on  tyrosine  411.  (A)  MSMS 
spectrum  of  the  dichlorvos-labeled  albumin  peptide  from  the  serum  of  a 
patient  poisoned  with  dichlorvos.  The  spectrum  was  acquired  in  conjunction 
with  the  MRM  method  and  is  the  sum  of  10  MSMS  spectra.  The  triply 
charged  parent  ion  shows  an  m/z  of  609.5  in  this  spectrum.  (B)  MSMS 
spectrum  of  the  dichlorvos-labeled  peptide  prepared  by  in  vitro  treatment  of 
pure  human  albumin  with  dichlorvos.  The  spectrum  is  the  sum  of  500  MSMS 
spectra  acquired  during  infusion  of  purified  peptides.  The  mass  at  226.2  m/z 
is  the  dimethoxyphosphotyrosine  immonium  ion  minus  water.  Masses  are 
average. 


by  MRM  or  by  infusion.  Peak  intensities  were  4  e4  for 
unfractionated  digest  analyzed  by  LCMSMS,  1.5  e5  for  HPLC- 
purified  digest  analyzed  by  LCMSMS,  1.3  e6  and  1  e7  for 
HPLC-purified  digest  analyzed  by  MRM,  and  3  e8  for  infused 
sample.  The  difference  in  signal  intensity  is  the  result  of  being 
able  to  collect  only  one  scan  per  MSMS  spectrum  in  the 
LCMSMS  protocol,  as  compared  with  10  scans  per  MSMS 
spectrum  in  the  MRM  protocol  and  500  scans  per  MSMS 
spectrum  in  the  infusion  protocol. 
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FIG.  4.  MRM  triggered  MSMS  spectrum  of  the  dichlorvos-labeled  albumin 
peptide,  LVRY411TKKVPQVSTPTL.  Semm  from  a  patient  poisoned  with 
dichlorvos  yielded  the  peptide  modified  on  tyrosine  411  by  dimethoxyphos¬ 
phate.  The  triply  charged  parent  ion  has  m/z  647.3. 


The  Chlorpyrifos-Poisoned  Patient 

The  pesticide  sold  for  agricultural  use  is  chlorpyrifos. 
Patients  exposed  to  chlorpyrifos  are  analyzed  for  adducts  from 
chlorpyrifos  oxon  because  poison  symptoms  are  caused  by  the 
oxon.  Chlorpyrifos  is  a  precursor  of  the  active  metabolite 
chlorpyrifos  oxon.  Chlorpyrifos  undergoes  oxidative  desulfur¬ 
ation  by  liver  cytochrome  P450  enzymes  to  become  the  highly 
toxic  chlorpyrifos  oxon  (Sams  et  al,  2004;  Tang  et  al,  2001). 

HPLC-purified  peptides  from  a  pepsin  digest  of  serum  from 
the  patient  poisoned  with  chlorpyrifos  were  analyzed  on  the 
QTRAP  using  LCMSMS  and  infusion  methods.  The  diethox- 
yphosphate  adduct  on  albumin  was  not  observed. 

In  an  effort  to  understand  why  no  diethoxyphosphate 
albumin  adducts  were  detected,  the  relative  reactivity  of 
albumin  with  dichlorvos  and  chlorpyrifos  oxon  was  examined. 
Plasma  was  incubated  with  various  concentrations  of  chlorpyr¬ 
ifos  oxon  and  dichlorvos  for  16  h  at  37°C.  Cluster  areas  of 
labeled  and  unlabeled  peptides  observed  in  MALDI-TOF  mass 
spectra  were  used  to  calculate  percent  labeling  of  tyrosine  411 
(see  the  “Materials  and  Methods”  section  on  “Reaction  of 
human  plasma  with  chlorpyrifos  oxon  and  dichlorvos”  for 
quantitation  details).  Figure  5  shows  that  60%  of  the  tyrosine 
411  residues  in  albumin  were  labeled  when  human  plasma  was 
treated  with  0.2mM  dichlorvos.  In  contrast,  less  than  1% 
labeling  occurred  with  0.2mM  chlorpyrifos  oxon.  It  was  not 
until  1.5mM  chlorpyrifos  oxon  was  used  in  the  reaction  that 
a  significant  amount  of  albumin  adduct  was  observed  (about 
30%).  Thus,  it  appears  that  chlorpyrifos  oxon  is  substantially 
less  reactive  than  dichlorvos  toward  albumin.  The  decreased 
reactivity  of  chlorpyrifos  oxon  indicates  that  a  lower  fraction  of 
labeled  albumin  would  be  expected  from  sera  of  chlorpyrifos 
oxon-poisoned  individuals.  This,  in  turn,  argues  that  a  volume 
of  plasma  larger  than  the  0.010  ml  used  in  the  present  study 
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FIG.  5.  Reactivity  of  tyrosine  411  in  human  albumin  with  dichlorvos  and 
chlorpyrifos  oxon.  Percent  labeling  was  calculated  from  cluster  areas  observed 
in  the  MALDI-TOF  mass  spectrometer  of  pepsin-digested  plasma  that  had 
been  treated  with  OP.  The  unlabeled  peptides  VRYTKKVPQVSTPTL  and 
LVRYTKKVPQVSTPTL  have  masses  of  1717  and  1830  amu.  The  dichlorvos- 
labeled  peptides  have  masses  of  1825  and  1938  amu.  The  chlorpyrifos  oxon- 
labeled  peptides  have  masses  of  1853  and  1966  amu. 

would  need  to  be  analyzed  to  detect  the  low  level  of  albumin 
expected  to  have  been  modified  by  chlorpyrifos  oxon. 

DISCUSSION 

Comparison  of  Peptide  Analyses  for  BChE  and  Albumin  from 

Dichlorvos-  and  Chlorpyrifos-Poisoned  Patients 

Sera  from  the  group  of  patients  described  in  this  report  were 
previously  analyzed  for  BChE  adducts  (Li  et  ai,  2010).  In 
those  experiments,  partially  purified  BChE  was  digested  with 
trypsin  and  analyzed  by  mass  spectrometry.  Adducts  on  serine 
198  were  found.  Table  2  summarizes  the  results  for  adducts  on 
both  BChE  and  albumin  from  the  sera  of  four  poisoned 
patients.  The  three  patients  who  attempted  suicide  by  drinking 
pesticides  have  low  serum  BChE  activity,  with  inhibition  levels 
from  62  to  84%.  BChE  in  the  accidental  exposure  case  was 
only  slightly  inhibited  (8%).  OP  adducts  on  BChE  were  found 
for  all  three  samples  where  BChE  inhibition  was  high  but  not 
for  the  sample  where  BChE  inhibition  was  low. 

Dichlorvos  adducts  on  albumin  were  found  for  the  two  patients 
who  ingested  a  relatively  large  dose  of  dichlorvos,  based  on 
BChE  inhibition  of  84  and  80%.  No  dichlorvos  adduct  was  found 
on  albumin  for  the  patient  whose  BChE  was  inhibited  8%.  No 
chlorpyrifos  oxon  adduct  was  found  on  albumin  for  the  patient 
whose  BChE  was  inhibited  62%.  The  absence  of  a  detectable 
chlorpyrifos  oxon  adduct  on  albumin  can  be  explained  as  follows. 
(1)  Chlorpyrifos  oxon  added  to  plasma  is  less  reactive  with 
tyrosine  41 1  of  albumin  than  dichlorvos.  (2)  Chlorpyrifos  oxon  is 
hydrolyzed  by  paraoxonase  in  plasma  and  is  sequestered  by 
albumin  in  noncovalent  binding  sites  from  which  it  can  be 
extracted  with  pentane  (Eyer  et  ai,  2009;  Heilmair  et  ai,  2008). 
This  diminishes  the  concentration  of  chlorpyrifos  oxon  available 


TABLE  2 

Detection  of  OP  Adducts  on  BChE  and  Albumin  in 
Poisoned  Patients 


Pesticide 

Time  between 
poisoning 
and  blood  draw 

BChE 

activity 

U/ml 

Inhibition 

of  BChE  % 

Labeled 

BChE 

peptide 

found 

Labeled 

albumin 

peptide 

found 

Dichlorvos 

10  h 

0.41 

84 

Yes 

Yes 

Dichlorvos 

9h 

0.50 

80 

Yes 

Yes 

Dichlorvos 

11  h 

2.30 

8 

No 

No 

Unknown 

(chlorpyrifos)" 

Unknown 

0.95 

62 

Yes 

No 

Control — none 

None 

2.50 

0 

No 

No 

"Chlorpyrifos  oxon  was  identified  by  mass  spectrometry  of  the  BChE  adduct 
in  a  sample  for  which  the  poison  was  originally  unknown.  Results  for  BChE 
have  been  previously  reported  (Li  et  ai,  2010).  Mass  spectrometry  analysis 
used  2  ml  serum  for  detection  of  BChE  adducts  and  0.010  ml  serum  for 
detection  of  albumin  adducts.  The  concentration  of  BChE  in  human  plasma  is 
4  mg/1,  whereas  that  of  albumin  is  40,000  mgA.  This  difference  in  protein 
abundance  explains  the  necessity  of  using  a  larger  plasma  sample  for  detection 
of  BChE  adducts. 

for  covalent  reaction  with  tyrosine  411  of  albumin.  (3)  The 
chlorpyrifos  poison  ingested  by  patients  is  converted  to  the  toxic 
oxon  by  hepatic  cytochrome  P450  enzymes.  There  is  a  10-fold 
variability  in  the  efficiency  of  this  step,  as  shown  in  studies  that 
measured  plasma  levels  of  both  the  chlorpyrifos  and  the  oxon 
(Eyer  et  ai,  2009).  Patients  with  high  CYP2B6  and  CYP3A4 
levels  would  produce  more  of  the  oxon  and  therefore  might  have 
detectable  levels  of  OP-albumin  adducts  in  0.01  ml  plasma. 
However,  detection  of  albumin  adducts  in  other  patients  is 
expected  to  require  plasma  volumes  larger  than  0.01  ml. 

OP-Albumin  Adduct  in  Poisoned  Humans 

This  is  the  first  report  to  identify  OP-albumin  adducts  in 
humans  poisoned  by  OP.  The  amino  acid  modified  by  covalent 
attachment  of  dichlorvos  is  tyrosine  411.  In  previous  work,  we 
have  found  that  many  proteins  can  be  modified  by  OP  on 
tyrosine  and  that  the  OP-tyrosine  adduct  is  stable  and  does  not 
undergo  aging  (Li  et  ai,  2008;  Schopfer  et  ai,  2010). 
Identification  of  the  dichlorvos-albumin  adduct  in  human 
serum  required  only  0.010  ml  of  serum  because  the  exposure 
levels  were  high,  as  indicated  by  plasma  BChE  inhibition 
levels  of  80%.  It  is  anticipated  that  detection  of  OP-albumin 
adducts  in  people  exposed  to  low  doses  will  also  be  possible 
but  that  larger  volumes  of  plasma  will  need  to  be  processed 
in  preparation  for  analysis  by  mass  spectrometry.  OP-albumin 
adducts  have  been  found  in  the  plasma  of  guinea  pigs  treated 
in  vivo  with  the  nerve  agents  tabun,  soman,  sarin,  and 
cyclosarin  (Read  et  ai,  2010;  Williams  et  ai,  2007). 

OP -Albumin  as  a  Biomarker  of  Exposure 

Butyrylcholinesterase  in  human  plasma  reacts  rapidly  with 
a  wide  range  of  OP.  Upon  reaction  with  OP,  the  enzymatic 
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activity  of  BChE  is  inhibited.  Loss  of  activity  has  long  served 
as  an  indicator  of  OP  exposure  (Eddleston  et  al,  2008;  Namba 
et  aL,  1971).  However,  use  of  BChE  activity  as  a  biomarker  for 
OP  exposure  has  major  drawbacks.  (1)  The  normal  activity  of 
BChE  can  vary  widely  so  that  only  severe  exposure  can  be 
confidently  diagnosed  (Eddleston  et  aL,  2008;  Kalow  and 
Staron,  1957).  (2)  Hepatocarcinoma  and  malnutrition  can  cause 
depression  of  BChE  activity  (Whittaker,  1980).  (3)  Other 
compounds,  such  as  carbamates,  can  inhibit  BChE  activity  (Li 
et  aL,  2009)  so  that  the  true  identity  of  the  inhibitor  is  always  in 
question.  Consequently,  efforts  have  shifted  to  the  application 
of  mass  spectrometry  for  identification  of  the  actual  adducts 
formed  upon  reaction  of  BChE  with  inhibitors  (Eidder  et  aL, 
2002;  Li  et  aL,  2009).  Mass  spectrometry  provides  a  direct 
measure  of  the  nature  of  the  inhibitor  attached  to  BChE. 
However,  analysis  of  OP  adducts  on  BChE  as  biomarkers  for 
OP  exposure  also  has  drawbacks.  The  principal  problem  is  that 
OP  adducts  on  the  active  site  serine  of  BChE  are  unstable. 
Instability  arises  from  two  sources.  (1)  Treatment  with  oximes 
releases  the  OP  from  serine,  and  oxime  treatment  is  part  of  the 
normal  medical  response  to  OP  poisoning.  (2)  Spontaneous 
dealkylation  of  the  OP  on  BChE  occurs  via  the  aging  process 
(Masson  and  Lockridge,  2010).  Dealkylation  reduces  the 
information  content  of  the  resulting  adduct.  Eor  example, 
aging  converts  adducts  with  soman,  sarin,  and  cyclosarin 
to  identical  methylphosphonate  structures,  as  indicated  in 
Eigure  6.  The  products  of  the  aging  of  dichlorvos  and 
chlorpyrifos  oxon  adducts  on  BChE  are  illustrated  in  Eigure  1. 
To  circumvent  these  drawbacks,  new  OP  targets  have  been 
sought.  Serum  albumin  is  a  promising  candidate  (Li  et  al, 
2007,  2008;  Means  and  Wu,  1979;  Noort  et  aL,  2009; 
Ortigoza-Eerado  et  aL,  1984;  Read  et  aL,  2010;  Sogorb 
et  aL,  2008;  Tarhoni  et  aL,  2008;  Williams  et  aL,  2007;  Yeung 
et  aL,  2008). 

The  OP-albumin  adduct  has  several  advantages  as  a  bio¬ 
marker  of  OP  exposure.  (1)  OP  binds  to  tyrosine  411  on 
albumin,  and  tyrosine  adducts  are  not  reversed  by  oximes 
(Read  et  aL,  2010).  (2)  OP-tyrosine  adducts  do  not  age  (Li 
et  aL,  2007;  Williams  et  aL,  2007).  This  means  that  exposure  to 
soman  can  be  distinguished  from  exposure  to  sarin  and  to 
cyclosarin.  (3)  The  OP-albumin  adduct  persists  longer  in  the 
blood  than  the  OP-BChE  adduct.  Studies  in  guinea  pigs  treated 
with  nerve  agents  found  OP-tyrosine  adducts  24  days  after 
exposure  to  OP,  at  a  time  when  OP-BChE  adducts  were 
undetectable  (Read  et  aL,  2010) 

The  major  drawback  for  use  of  albumin-OP  adducts  as 
a  biomarker  for  exposure  to  OP  is  the  slow  reaction  of  OP  with 
albumin  (Li  et  aL,  2008).  However,  despite  the  low  reactivity, 
OP-albumin  adducts  form  in  vivo  and  can  be  detected  using  mass 
spectral  techniques,  as  has  been  demonstrated  in  this  report. 

The  principal  advantage  of  working  with  albumin  is  the 
stability  of  its  OP-tyrosine  adduct.  Another  significant  factor  is 
that  the  OP  adduct  is  located  on  the  surface  of  albumin,  as 
opposed  to  the  adduct  on  BChE  that  is  located  at  the  bottom  of 


O  CH.CH. 

II  I  I 

Ser-O-P-O-C— C-CHo 

I  I  I 

CH3  H  CH3 

soman  adduct  +162 

O  CH.  O 

II  I  aaino 

Ser-O-P-O-C-H  - — ►  Ser-O-P-O" 

CH3  CH3  CH3 

sarin  adduct  +120  methylphosphonate 


cyclosarin  adduct  +160 


FIG.  6.  Aging  yields  the  identical  methylphosphonate  adduct  on  BChE. 
The  reactions  of  soman,  sarin,  and  cyclosarin  with  serine  198  of  BChE  yield 
distinct  initial  covalent  adducts  with  added  masses  of  +  162  for  soman,  +  120 
for  sarin,  and  +  160  for  cyclosarin.  These  adducts  age  to  the  identical 
methylphosphonate  structure  with  an  added  mass  of  +  78. 


a  deep  pocket  in  the  protein  (Nachon  et  aL,  2005).  A  novel 
outgrowth  of  the  stability  and  accessibility  of  the  albumin 
adduct  is  the  potential  to  develop  antibodies  to  OP-tyrosine. 
Such  antibodies  could  be  used  for  detection  of  OP  exposure. 

Hypothesis  to  Explain  Neurotoxicity  because  of  Chronic  Low- 

Dose  Exposure  to  OP 

It  is  generally  agreed  that  acute  toxicity  because  of  exposure 
to  OP  comes  from  inhibition  of  acetylcholinesterase  in  the 
synapses  and  nerve  muscle  junctions  (Mileson  et  aL,  1998). 
However,  inhibition  of  acetylcholinesterase  does  not  explain  all 
of  the  clinical  sequelae  that  arise  from  exposure  to  OP, 
especially  low-dose  exposure.  It  has  been  proposed  that  excess 
acetylcholine  or  inhibition  of  serine  hydrolases  with  greater  OP 
reactivity  than  acetylcholinesterase  may  explain  low-dose 
neurotoxicity  (Pemot  et  aL,  2009;  Richards  et  aL,  2000). 
Symptoms  of  low-dose  toxicity  are  neurological  in  nature  (e.g., 
headache,  memory  loss,  anxiety,  fatigue)  (Ray  and  Richards, 
2001;  Salvi  et  aL,  2003).  Investigation  into  the  causes  of  this 
neurotoxicity  is  ongoing. 

OP  binding  to  albumin  would  not  be  expected  to  explain  the 
neurotoxicity  of  OP  but  can  serve  as  a  model  for  what  could  be 
happening  to  other  proteins.  The  special  reactivity  of  tyrosine 
411  in  human  albumin  suggests  that  other  proteins  may  have 
similarly  reactive  tyrosine  residues.  In  fact,  we  have  demon¬ 
strated  that  OP  react  with  tyrosine  on  tubulin  and  that  this 
reaction  can  disrupt  the  stmcture  of  microtubules  in  vitro  and 
in  vivo  (Grigoryan  and  Lockridge,  2009;  Jiang  et  aL,  2010).  If 
the  function  of  key  proteins  important  for  axonal  transport 
(such  as  tubulin)  is  disrupted  by  OP,  the  neuron  could  lose 
synaptic  connectivity  and  nerve  function  (Gearhart  et  aL,  2007; 
Terry  et  aL,  2007). 
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Epidemiologists  have  linked  chronic  low-dose  OP  exposure 
to  Parkinson’s  disease,  neurologic  dysfunction,  Gulf  War 
illness,  and  depression  (Beseler  et  al,  2008;  Hancock  et  al, 
2008;  Kamel  et  ai,  2007;  Toomey  et  ai,  2009).  Disruption  of 
axonal  transport  has  been  suggested  as  the  mechanism  to 
explain  neurodegenerative  diseases,  including  Parkinson’s, 
Alzheimer  disease,  and  amyotrophic  lateral  sclerosis  (Morfini 
et  aL,  2009).  Our  finding  that  tyrosine  in  albumin  is  covalently 
labeled  by  OP  in  clinically  relevant  human  cases  suggests  that 
OP  labeling  of  tyrosine  in  other  proteins  may  also  be  occurring 
under  these  conditions.  This  concept  provides  a  new  direction 
in  the  search  for  a  mechanism  of  OP-induced  chronic 
neurotoxicity. 
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The  expectation  from  the  literature  is  that  organophosphorus 
(OP)  agents  bind  to  proteins  that  have  an  active  site  serine. 
However,  transferrin,  a  protein  with  no  active  site  serine,  was 
covalently  modified  in  vitro  by  0.5mM  10-fluoroethoxyphosphinyl- 
N-biotinamido  pentyldecanamide,  chlorpyrifos  oxon,  diisopropyl- 
fluorophosphate,  dichlorvos,  sarin,  and  soman.  The  site  of  covalent 
attachment  was  identified  by  analyzing  tryptic  peptides  in  the  mass 
spectrometer.  Tyr  238  and  Tyr  574  in  human  transferrin  and  Tyr 
238,  Tyr  319,  Tyr  429,  Tyr  491,  and  Tyr  518  in  mouse  transferrin 
were  labeled  by  OP.  Tyrosine  in  the  small  synthetic  peptide 
ArgTyrThrArg  made  a  covalent  bond  with  diisopropylfluorophos- 
phate,  chlorpyrifos  oxon,  and  dichlorvos  at  pH  8.3.  These  results, 
together  with  our  previous  demonstration  that  albumin  and  tubulin 
bind  OP  on  tyrosine,  lead  to  the  conclusion  that  OP  bind  covalently 
to  tyrosine,  and  that  OP  binding  to  tyrosine  is  a  new  OP-binding 
residue.  The  OP-reactive  tyrosines  are  activated  by  interaction  with 
Arg  or  Lys.  It  is  suggested  that  many  proteins  in  addition  to  those 
already  identified  may  be  modified  by  OP  on  tyrosine.  The  extent 
to  which  tyrosine  modification  by  OP  can  occur  in  vivo  and  the 
toxicological  implications  of  such  modifications  require  further 
investigation. 

Key  Words:  plasma;  soman;  sarin;  mass  spectrometry;  tyrosine 
residue;  transferrin. 


We  have  previously  shown  that  many  proteins  in  plasma 
react  with  the  organophosphorus  agent  (OP)  FP-biotin  (10- 
fluoroethoxyphosphinyl-N-biotinamido  pentyldecanamide) 
(Peeples  et  ai,  2005).  Our  goal  is  to  identify  these  proteins. 
The  proteins  that  react  most  rapidly  with  FP-biotin  and  with 
other  OP  are  enzymes  in  the  serine  hydrolase  family,  for 
example,  butyrylcholinesterase,  acetylcholinesterase,  acylpep- 
tide  hydrolase,  fatty  acid  amide  hydrolase,  arylformamidase, 
and  neuropathy  target  esterase-lysophospholipase  (Casida  and 
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Quistad,  2004;  Richards  et  aL,  2000).  The  residue  that  is  la¬ 
beled  in  these  enzymes  is  the  active  site  serine  in  the  consensus 
sequence  GlyXSerXGly.  However,  proteins  with  no  consensus 
active  site  serine  constitute  another  group  of  OP-reactive 
proteins,  where  OP  bind  to  tyrosine.  Papain  and  bromelain  bind 
diisopropylfluorophosphate  (DFP)  on  tyrosine  (Chaiken  and 
Smith,  1969;  Murachi  et  ai,  1965).  Mass  spectrometry  has 
allowed  identification  of  OP-binding  to  tyrosines  in  albumin 
and  tubulin  (Ding  et  aL,  2008;  Grigoryan  et  aL,  2008;  Li  et  aL, 
2007,  2008).  The  present  report  adds  transferrin  to  this  list. 
Analysis  of  the  reactive  peptides  from  these  proteins  shows  that 
a  new  motif  of  OP  binding  has  emerged. 

Our  strategy  uses  FP-biotin,  initially,  to  label  the  OP-reactive 
proteins  in  plasma.  Through  the  use  of  the  fluorescent  probe 
Streptavidin-Alexa  680  and  the  biotin  tag,  the  proteins  that  are 
OP-reactive  in  serum  can  be  visualized.  The  biotin  tag  also 
provides  a  means  for  purification  of  the  labeled  proteins  and 
peptides  by  binding  to  avidin-agarose  beads.  The  FP-biotin- 
labeled  proteins  and  peptides  are  identified  by  mass  spectrom¬ 
etry.  It  is  relatively  simple  to  identify  a  protein  by  mass 
spectrometry  because  only  a  few  peptides  from  a  protein  are 
needed  for  a  positive  identification.  However,  it  is  often  dif¬ 
ficult  to  find  a  specific  labeled  peptide.  Convincing  proof  that 
a  protein  is  OP-labeled  comes  from  identifying  the  labeled 
peptide  and  the  amino  acid  in  that  peptide  that  is  modified  by 
OP.  To  provide  this  proof  we  label  pure  protein  with  OP,  digest 
with  trypsin,  separate  and  enrich  the  OP-labeled  peptides  by 
reverse  phase  high-performance  liqid  chromatography  (HPLC), 
and  determine  the  peptide  sequence  and  site  of  attachment  by 
collision-induced  dissociation  in  the  mass  spectrometer. 

Not  all  OP  are  expected  to  bind  covalently  to  a  particular 
protein.  For  example,  the  positively  charged  echothiophate  and 
VX  react  rapidly  with  acetylcholinesterase,  but  only  poorly 
with  carboxylesterase  (Maxwell  and  Brecht,  2001).  Therefore 
we  treated  human  and  mouse  transferrin  with  six  different  OP. 
We  found  human  transferrin  peptides  labeled  with  six  OP,  and 
mouse  transferrin  peptides  labeled  with  five  OP. 


©  The  Author  2008.  Published  by  Oxford  University  Press  on  behalf  of  the  Society  of  Toxicology.  All  rights  reserved. 
For  permissions,  please  email:  joumals.permissions(5)oxfordjoumals.org 


ORGANOPHOSPHORUS  BINDING  TO  TYROSINE 


145 


The  common  feature  in  the  motif  for  OP-reactive  tyrosines  is 
the  presence  of  a  positively  charged  arginine  or  lysine  within 
five  residues  of  the  tyrosine.  This  OP-binding  motif  was  tested 
with  two  synthetic  peptides,  both  containing  tyrosine,  but  only 
one  containing  nearby  arginines.  Tyrosine  formed  a  covalent 
bond  with  OP  in  both  peptides,  but  the  reaction  proceeded 
more  readily  with  ArgTyrThrArg  than  with  SerTyrSerMet. 
Additional  work  with  small  peptides  needs  to  be  done  to  de¬ 
termine  the  optimum  peptide  sequence  of  the  OP  reactive 
peptide  and  to  determine  its  rate  of  reaction  with  OP. 

EXPERIMENTAL  PROCEDURES 

Materials.  FP-biotin  (Mr  592.32)  was  custom  synthesized 
in  the  laboratory  of  Dr  Charles  Thompson  at  the  University  of 
Montana,  Missoula,  MT.  A  2mM  FP-biotin  solution  in  di¬ 
methyl  sulfoxide  was  stored  at  —  80°C.  Chlorpyrifos  oxon 
(ChemService,  Inc.  West  Chester,  PA;  MET-674B)  was 
dissolved  in  ethanol  and  stored  at  —  80°C.  Dichlorvos 
(ChemService  Inc.;  PS-89)  was  dissolved  in  methanol.  Soman 
and  sarin  from  CEB  (Vert-le-Petit,  France)  were  dissolved  in 
isopropanol.  Immun-Blot  polyvinylidene  difluoride  (PVDF) 
membrane  for  protein  blotting,  0.2  pm  (162-0177)  and  Affi-gel 
blue  (153-7301),  a  cross-linked  agarose  bead  with  covalently 
attached  Cibacron  Blue  F3GA  dye,  were  from  Bio-Rad  Lab¬ 
oratories,  Hercules,  CA.  Streptavidin  Alexa  Fluor  680  (S-21378) 
was  from  Molecular  Probes,  Eugene,  OR.  Porcine  trypsin 
(Promega,  Madison,  WI;  V5113  sequencing  grade  modified 
trypsin)  at  a  concentration  of  0.4  pg/pl  in  50mM  acetic  acid 
was  stored  at  —  80°C.  Immobilized  tetrameric  avidin-agarose 
beads  (Pierce  20219)  and  immobilized  monomeric  avidin- 
agarose  beads  (Pierce  20228)  were  used  to  purify  FP- 
biotinylated  proteins  as  well  as  FP-biotinylated  peptides.  Human 
butyrylcholinesterase  was  purified  from  outdated  human 
plasma  as  described  (Lockridge  et  ai,  2005)  and  labeled  with 
FP-biotin  as  described  (Peeples  et  ai,  2005).  Mouse  plasma 
was  from  strain  129Sv  mice.  Human  holo-transferrin  (T0665), 
human  apo-transferrin  (T4382),  mouse  apo-transferrin  (T0523), 
bovine  holo-transferrin  (T1408),  human  alpha  2-macroglobulin 
(M6159),  human  alpha  1 -antitrypsin  (A9024),  human  comple¬ 
ment  C3  (C2910),  nitrilotriacetic  acid  (N9877),  Coomassie 
blue  R250  (Brillant  Blue  R),  and  diisopropylfluorophosphate 
(D0879,  a  liquid  with  a  concentration  of  5.73M)  were  from 
Sigma,  St  Louis,  MO.  ProbeQuant  G50  micro  column  was  from 
Amersham  (27-5335-01).  Peptide  ArgTyrThrArg  (Mr  594.7) 
was  custom  synthesized  and  purified  to  >  95%  by  Genscript 
Corp.,  Piscataway,  NJ.  Peptide  SerTyrSerMet  (#20621;  Mr 
486.5)  was  from  AnaSpec,  Inc.,  San  Jose,  CA.  Alpha-cyano-4- 
hydroxy  cinnamic  acid,  Glu  Fibrinopeptide  B,  and  Cal  Mix  1 
were  from  Applied  Biosystems  (MDS  Sciex,  Foster  City,  CA). 

Blot  of  FP -biotin-labeled  proteins  from  a  nondenaturing 
polyacrylamide  electrophoresis  gel.  Two  hundred  microliters 
of  human  or  mouse  plasma  was  treated  with  lOOpM  FP-biotin 


for  24  h  at  37°C.  Ten-  to  30-pl  aliquots  were  subjected  to  gel 
electrophoresis  on  nondenaturing  polyacrylamide  gradient  gels, 
4-22.5%  (wt/vol),  cast  in  a  Hoefer  gel  apparatus.  The 
polyacrylamide  gel  electrophoresis  (PAGE)  gels  were  0.75  mm 
thick,  15  cm  wide,  and  12  cm  high.  Nondenaturing  gels  were 
used  because  albumin  separates  from  other  plasma  proteins 
on  a  nondenaturing  gel,  but  not  on  a  sodium  dodecyl  sulfate 
(SDS)  gel.  Proteins  were  electrophoretically  transferred  to 
a  PVDF  membrane  using  a  Bio-Rad  Trans-blot  apparatus.  The 
blot  was  hybridized  with  a  fluorescent  probe,  Streptavidin 
Alexa  Fluor  680,  as  described  (Peeples  et  al.,  2005). 
Fluorescence  intensity  was  captured  in  the  Odyssey  Infrared 
Imaging  System  (LiCor). 

Blot  of  FP -biotin-labeled  proteins  from  an  SDS  PAGE 
gel.  Purified  bovine  holo-transferrin  (76-81  kDa),  human 
alpha  2-macroglobulin  (tetramer  720  kDa;  monomer  179  kDa), 
human  alpha  1 -antitrypsin  (52  kDa),  and  human  complement 
C3  (115  and  70  kDa)  were  dissolved  in  phosphate  buffered 
saline  to  a  concentration  of  500  pmol  in  50  pi.  Proteins  were 
treated  with  lOOpM  FP-biotin  at  37°C  for  20  h.  Control 
samples  were  treated  with  dimethyl  sulfoxide  but  no  FP-biotin. 
Unreacted  FP-biotin  was  removed  by  passing  the  samples 
through  a  G50  spin  column.  Samples  were  boiled  in  the 
presence  of  dithiothreitol  and  SDS  and  loaded  on  a  4-22.5% 
(wt/vol)  polyacrylamide  gradient  SDS  gel.  After  electrophore¬ 
sis,  some  gels  were  stained  for  protein  with  Coomassie  blue 
R250.  For  other  gels,  the  protein  was  transferred  to  a  PVDF 
membrane  where  the  biotin  tag  was  detected  with  Streptavidin 
Alexa  Fluor  680,  as  described  (Peeples  et  al.,  2005).  The 
amount  of  protein  loaded  on  the  Coomassie  stained  gel  ranged 
from  3.5  to  70  pg,  and  that  on  the  gel  used  for  transfer  to  PVDF 
ranged  from  1.5  to  30  pg. 

Isolation  of  FP -biotin-labeled  proteins  with  avidin-agarose 
beads.  Plasma  was  depleted  of  albumin  by  chromatography  on 
Affi-gel  blue  because  albumin  reacts  extensively  with  FP-biotin 
and  can  deplete  the  FP-biotin  pool  making  reaction  with  other 
proteins  more  difficult.  The  albumin-depleted  plasma  was  treated 
with  lOOpM  FP-biotin  for  24  h  at  37°C,  and  dialyzed  to  remove 
excess  FP-biotin.  The  FP-biotinylated  proteins  were  purified  by 
binding  to  tetrameric  avidin-agarose  beads  and  separated  by  SDS 
gel  electrophoresis  as  described  (Peeples  et  al,  2005). 

Purification  of  FP -biotin-labeled  peptides.  In  some  experi¬ 
ments  the  FP-biotin-labeled  peptides  rather  than  FP-biotin- 
labeled  proteins  were  purified  by  binding  to  monomeric 
avidin-agarose  beads.  After  washing  with  IM  NaCl  in  pH 
8.0  buffer,  followed  by  water  washes  to  desalt  the  column,  the 
peptides  were  released  with  10%  (vol/vol)  acetic  acid. 

Reaction  of  pure  transferrin  with  OP.  A  1  mg/ml  solution 
of  human  or  mouse  transferrin  in  O.IM  TrisCl  pH  8.5,  or  in 
phosphate  buffered  saline,  or  in  lOmM  TrisCl  pH  8.5,  0.01% 
(wt/vol)  sodium  azide  was  treated  with  0.5mM  OP  at  37°C  for 
16  h.  The  accession  numbers  in  the  SwissProt  database  are 


146 


LI  ET  AL. 


P02787  for  human  and  Q921I1  for  mouse  transferrin.  Their 
molecular  weight  is  about  75,000  after  the  19  amino  acid  signal 
peptide  is  subtracted. 

Tryptic  peptides  for  mass  spectrometry.  Three  protocols 
were  used  to  prepare  peptides  for  mass  spectrometry.  (1)  Pro¬ 
teins  in  SDS  PAGE  gel  slices  were  digested  with  trypsin.  The 
peptides  were  extracted  from  the  gel  and  analyzed  by  liquid 
chromatography  tandem  mass  spectrometry  (LC/MS/MS)  as 
described  (Peeples  et  al.,  2005).  This  protocol  was  used  only 
for  the  preliminary  experiments  where  the  data  are  not  shown. 
(2)  Pure  proteins  in  solution  were  denatured  in  8M  urea, 
reduced  with  lOmM  dithiothreitol  at  pH  8,  carbamidomethy- 
lated  (CAM)  with  50mM  iodoacetamide,  and  desalted  by 
dialysis  against  lOmM  ammonium  bicarbonate.  The  CAM 
proteins  were  digested  with  trypsin  at  a  ratio  of  50:1  (w/w)  at 
37°C  for  16  h.  Peptides  were  separated  offline  by  reverse  phase 
HPLC  on  a  100  X  4.60  mm  Phenomenex  Cl 8  column  eluted 
with  a  60  min  gradient  from  0  to  60%  (vol/vol)  acetonitrile 
versus  0.1%  (vol/vol)  trifluoroacetic  acid  at  a  flow  rate  of  1  ml/ 
min.  Fractions  were  analyzed  by  matrix- assisted  laser  de¬ 
sorption  ionization-time  of  flight  (MALDI-TOF)  mass  spec¬ 
trometry  to  locate  the  OP-labeled  peptides.  Selected  samples 
were  dried,  dissolved  in  50%  acetonitrile,  0.1%  formic  acid, 
and  infused  into  the  QTRAP  4000  mass  spectrometer  for  MS/ 
MS  analysis.  Peptides  were  infused  into  the  mass  spectrometer 
when  the  mass  of  the  parent  ion  was  known.  (3)  Trypsin 
digested  pure  protein  was  analyzed  a  second  way  to  allow  for 
the  possibility  that  the  mass  of  the  parent  ion  was  unknown. 
The  offline  HPLC  step  was  omitted,  and  peptides  were 
separated  on  a  nanocolumn  whose  output  was  electrosprayed 
into  the  QTRAP  2000  mass  spectrometer.  MS/MS  spectra  were 
acquired  for  three  peptides  every  2.8  s. 

Reaction  of  model  peptides  with  OP.  Peptides  ArgTyr- 
ThrArg  (0.17mM)  and  SerTyrSerMet  (0.17mM)  in  lOmM 
ammonium  bicarbonate  pH  8.3  were  treated  with  0.1,  0.2,  or 
ImM  DFP,  chlorpyrifos  oxon  (CPO),  or  dichlorvos  for  16  h  at 
37°C.  Aliquots  were  spotted  on  a  MALDI  target  plate,  overlaid 
with  CHCA  (a-cyano-4-hydroxy  cinnamic  acid)  matrix,  and 
analyzed  by  MALDI-TOF  as  well  as  by  MALDI-TOF-TOF 
mass  spectrometry  and  by  LC/MS/MS  on  the  QTRAP  2000. 

Percent  labeling.  The  percent  labeled  peptide  in  a  given 
MALDI-TOF  spectrum  was  calculated  by  dividing  the  cluster 
area  of  the  labeled  peptide  by  the  sum  of  the  cluster  areas  for 
the  unlabeled  and  labeled  peaks  in  a  given  spectrum.  The  as¬ 
sumption  in  this  calculation  is  that  the  labeled  and  unlabeled 
peptides  ionize  equally  well.  In  a  previous  publication 
(Lockridge  et  al.,  2008)  we  checked  the  validity  of  our 
MALDI-TOF  quantitation  method  by  using  a  second  method  to 
quantitate  labeled  and  unlabeled  peptides.  The  second  method 
was  amino  acid  composition  analysis.  Both  methods  showed 
that  27%  of  a  particular  peptide  was  labeled,  thus  validating  the 
MALDI-TOF  quantitation  method. 


MALDI-TOF  mass  spectrometry.  All  peptide  samples  were 
screened  by  MALDI-TOF  before  they  were  analyzed  in  the 
QTRAP  mass  spectrometer  because  MALDI-TOF  is  a  quick 
way  to  obtain  peptide  masses  and  thereby  a  suggestion  of 
whether  an  OP-labeled  peptide  is  present.  Salt- free  peptides 
were  spotted  on  a  target  plate  in  0.5-pl  aliquots,  allowed  to  dry, 
and  overlaid  with  10  mg/ml  CHCA  matrix  in  50%  acetonitrile, 
0.1%  trifluoroacetic  acid.  Mass  spectra  were  acquired  with  the 
MALDI-TOF-TOF  4800  mass  spectrometer  (Applied  Biosys¬ 
tems,  MDS  Sciex,  Foster  City,  CA).  Each  scan  is  the  sum  of 
500  laser  shots — 50  shots  were  taken  at  one  location  on  the 
spot  and  then  the  laser  automatically  moved  to  a  new  location 
to  avoid  burning  out  the  sample.  Laser  intensity  was  adjusted  to 
obtain  maximum  signal  intensity  without  exceeding  the 
saturation  limit.  The  mass  spectrometer  was  calibrated  against 
Cal  Mix  1  (des-Arg  Bradykinin,  Glu  Fibrinopeptide  B, 
angiotensin  I,  and  neurotensin). 

LCIMSIMS  on  a  tandem  quadrupole  mass  spectrometer. 
Tryptic  digests  of  OP-labeled  human  and  mouse  transferrin 
were  analyzed  by  this  method.  A  10- pi  aliquot  of  peptides  in 
5%  acetonitrile,  0.1%  formic  acid,  at  a  concentration  of  about 
2  pmol/pl,  was  injected  into  the  HPLC  nanocolumn 
(#218MS3.07515  Vydac  C18  polymeric  rev-phase,  75  micron 
ID  X  150  mm  long;  P.J.  Cobert  Assoc,  St  Louis,  MO). 
Peptides  were  separated  with  a  90  min  linear  gradient  from  0  to 
60%  acetonitrile  at  a  flow  rate  of  0.3  pl/min  and  electrosprayed 
through  a  nanospray  emitter  (fused  silica,  360  pm  OD  X  75  pm 
ID  X  15  pm  taper;  New  Objective)  directly  into  the  mass 
spectrometer.  Mass  spectra,  high  resolution  mass  spectra,  and 
product  ion  spectra  (MS/MS)  were  acquired  on  a  QTRAP  2000 
triple  quadrupole  linear  ion  trap  mass  spectrometer  (Applied 
Bio  systems)  using  the  trap  (enhanced  sensitivity)  mode. 
An  ion-spray  voltage  of  1900  volts  was  maintained  between 
the  emitter  and  the  mass  spectrometer.  Information-dependent 
acquisition  was  used  to  acquire  data  for  the  three  most  intense 
peaks  in  each  cycle,  having  a  charge  of  +1  to  +4,  a  mass 
between  200  and  1700  m/z,  and  an  intensity  >  10,000  counts 
per  s.  Precursor  ions  were  excluded  for  30  s  after  one  MS/MS 
spectrum  had  been  collected.  The  collision  cell  was  pressurized 
to  40  pTorr  with  pure  nitrogen  and  collision  energies  between 
20  and  40  eV  were  determined  automatically  by  the  Analyst 
1.4.1  software,  based  on  the  mass  and  charge  of  the  precursor 
ion.  The  mass  spectrometer  was  calibrated  using  fragment  ions 
generated  from  collision-induced  dissociation  of  Glu  flbrino- 
peptide  B  (Sigma).  The  MS/MS  data  were  processed  using 
Analyst  1.4.1  software  and  submitted  to  Mascot  for  identifi¬ 
cation  of  peptide  sequences  modified  by  OP  on  Tyr,  Ser,  or  Thr 
(Perkins  et  al.,  1999). 

Infusion  in  the  QTRAP  4000  mass  spectrometer.  HPLC 
purified  OP-labeled  human  and  mouse  transferrin  tryptic 
peptides  were  analyzed  by  this  method  when  the  mass  of  the 
parent  ion  was  known  from  MALDI-TOF  experiments. 
Peptides  were  dissolved  in  50%  acetonitrile,  0.1%  formic  acid 
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FIG.  1.  Blots  showing  FP-biotin-reactive  proteins  in  human  (A)  and  mouse  (B)  plasma.  FP-biotinylated  plasma  proteins  were  separated  on  nondenaturing 
polyacrylamide  gels  and  transferred  to  PVDF  membranes.  Blots  were  hybridized  with  the  fluorescent  probe  Streptavidin  Alexa  Fluor  680.  Al,  20  pg  human 
transferrin;  A2,  blank;  A3,  20  pg  FP-biotinylated  human  transferrin;  A4,  blank;  A5,  5  pi  of  human  plasma;  A6,  blank;  A7,  3.3  pi  of  FP-biotinylated  human  plasma; 
A8,  6.6  pi  of  FP-biotinylated  human  plasma;  A9,  9.9  pi  of  FP-biotinylated  human  plasma;  AlO,  blank;  All,  1  pmol  FP-biotinylated  human  butyrylcholinesterase 
(BChE).  Bl,  20  pg  mouse  transferrin;  B2,  blank;  B3,  20  pg  FP-biotinylated  mouse  transferrin;  B4,  blank;  B5,  5  pi  of  mouse  plasma;  B6,  blank;  B7,  5  pi  of  FP- 
biotinylated  mouse  plasma;  B8,  10  pi  of  FP-biotinylated  mouse  plasma;  B9,  15  pi  of  FP-biotinylated  mouse  plasma.  The  heavy  band  in  B  contains  mouse  ESI 
carboxylesterase  and  mouse  albumin.  ESI  carboxylesterase  in  mouse  plasma  does  not  separate  well  from  albumin  on  a  nondenaturing  gel.  Human  plasma  does  not 
contain  carboxylesterase. 


to  a  concentration  of  2-6  pmol/jil.  Peptides  were  infused  into 
the  QTRAP  4000  (Applied  Biosystems)  mass  spectrometer  at 
a  flow  rate  of  0.3  pl/min  through  an  8  pm  emitter  (#FS360-50- 
8-D,  New  Objective)  via  a  25-pl  Hamilton  syringe  mounted  on 
a  Harvard  pump.  Five  hundred  MS/MS  spectra  were 
accumulated  for  each  parent  ion. 

Binding  of  ferric  ion  to  transferrin.  The  normal  function  of 
transferrin  is  iron  transport  through  the  blood.  Binding  of  ferric 
ion  is  a  measure  of  the  functional  viability.  Titration  of  trans¬ 
ferrin  with  ferric  ion  was  performed  as  described  (Welch  and 
Skinner,  1989).  A  1  mg/ml  solution  of  apo-human  transferrin 
was  prepared  in  O.IM  TrisCl  pH  8.5  containing  5mM  Na2C03. 
Half  of  the  transferrin  solution  was  incubated  with  lOOpM  FP- 
biotin  at  37°C  for  16  h,  resulting  in  the  labeling  of  Tyr  238  and 
Tyr  574.  The  other  half  was  the  unlabeled  control.  Protein 
concentration  was  determined  with  the  CB-X  protein  assay  kit 
(Genotech,  St  Louis,  MO;  #786- 12X).  FP-biotin-labeled  as  well 
as  control  apo-transferrin  were  titrated  with  ferric  nitrilotriacetate 
(FENTA)  to  determine  the  stoichiometry  of  ferric  ion  binding. 
Each  1  ml  solution  of  transferrin  was  titrated  by  sequential 
additions  of  5  pi  of  ImM  EENTA.  Binding  was  monitored  by 
following  the  change  in  absorbance  at  470  nm. 


RESULTS 

Human  and  Mouse  Plasma  Proteins  that  Bind  FP-Biotin 

The  blots  in  Eigures  lA  and  IB  show  at  least  12  bands  in 
both  human  and  mouse  plasma  that  bind  EP-biotin  (Pigs.  lA 
and  IB,  lanes  7,  8,  9).  The  most  intense  band  in  human  plasma 
is  PP-biotin-labeled  albumin.  The  most  intense  band  in  mouse 


plasma  contains  two  proteins:  PP-biotin-labeled  carboxylester¬ 
ase  ESI  and  PP-biotin-labeled  albumin  (Pig.  IB,  lanes  7,  8,  9). 
A  major  difference  between  human  and  mouse  plasma  is  that 
only  mouse  plasma  contains  carboxylesterase  (Li  et  al.,  2005). 
Albumin,  ESI  carboxylesterase,  and  butyrylcholinesterase 
have  previously  been  identifled  as  proteins  in  mouse  plasma 
that  bind  PP-biotin  (Peeples  et  al.,  2005). 

The  search  for  additional  OP-reactive  proteins  in  plasma  led 
to  preliminary  identiflcation  of  human  transferrin.  This  pre¬ 
liminary  identiflcation  resulted  from  LC/MS/MS  mass  spectral 
analysis  of  an  in-gel,  tryptic  digest  of  a  band  from  an  SDS 
PAGE  gel.  Data  were  acquired  on  the  QTRAP  2000  mass 
spectrometer.  Proteins  applied  to  this  gel  had  been  labeled  with 
PP-biotin  and  purified  with  avidin-agarose  (data  not  shown). 
Mass  spectra  identifled  transferrin,  but  not  the  labeled  peptide. 

To  confirm  that  transferrin  was  actually  labeled  by  PP-biotin, 
pure  human  and  mouse  transferrin  treated  with  PP-biotin  were 
visualized  on  a  blot  hybridized  with  Streptavidin  Alexa  Pluor 
680.  Lane  3  in  Eigures  lA  and  IB  shows  an  intense  band  for 
PP-biotinylated  transferrin,  thus  confirming  that  human  and 
mouse  transferrin  bind  PP-biotin. 

The  preliminary  LC/MS/MS  mass  spectral  experiments  also 
showed  alpha-2-macroglobulin,  alpha- 1 -antitrypsin,  and  com¬ 
plement  C3  as  proteins  in  human  plasma  that  could  be  labeled 
with  PP-biotin  (data  not  shown).  As  with  transferrin,  the  FP- 
biotinylated  plasma  proteins  had  been  purified  on  avidin- 
agarose  beads,  separated  by  SDS  gel  electrophoresis,  digested 
with  trypsin,  and  analyzed  by  LC/MS/MS.  The  labeled 
peptides  from  these  proteins  were  not  found  in  these  pre¬ 
liminary  experiments.  To  confirm  that  these  proteins  made  a 
covalent  bond  with  FP-biotin,  highly  purified  preparations  of 
the  proteins  were  treated  with  FP-biotin  and  subjected  to  SDS 
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FIG.  2.  Covalent  binding  of  FP-biotin  to  human  alpha- 1 -antitrypsin,  human  complement  C3,  human  alpha-2-macroglobulin,  and  bovine  holo-transfenin. 
(A)  Coomassie  stained  SDS  gel.  (B)  Blot  hybridized  with  Streptavidin  Alexa  Fluor  680  to  visualize  FP-biotinylated  proteins  transferred  to  PVDF  membrane  from 
the  gel.  Lane  1,  FP-biotinylated  alpha- 1-antryp sin;  lane  2,  unlabeled  alpha- 1 -antitrypsin;  lane  3,  FP-biotinylated  complement  C3;  lane  4,  unlabeled  complement 
C3;  lane  5,  FP-biotinylated  alpha-2-macroglobulin;  lane  6,  unlabeled  alpha-2-macroglobulin;  lane  7,  FP-biotinylated  transferrin;  lane  8,  unlabeled  transferrin. 


gel  electrophoresis.  The  labeled  proteins  were  transferred  from 
the  gel  to  PVDF  membrane.  The  membrane  was  hybridized 
with  Streptavidin  Alexa  Fluor  680  (Fig.  2B).  A  second  gel, 
containing  higher  quantities  of  protein,  was  stained  with 
Coomassie  blue  R250  (Fig.  2A).  Figure  2  (lanes  2,  4,  6,  8) 
shows  that  control  proteins,  not  treated  with  FP-biotin,  have 
a  Coomassie  stained  band  in  panel  A,  but  no  fluorescent  band 
in  panel  B.  On  the  other  hand,  proteins  treated  with  FP-biotin 
(lanes  1,  3,  5,  7)  have  a  band  in  panel  A  as  well  as  in  panel  B. 
The  blot  confirms  that  human  alpha- 1 -antitrypsin,  human  com¬ 
plement  C3,  human  alpha-2-macroglobulin,  and  bovine  holo- 
transferrin  covalently  bind  FP-biotin. 

No  further  results  were  obtained  for  alpha- 1 -antitrypsin, 
complement  C3,  and  alpha-2-macroglobulin.  The  site  for 
covalent  attachment  of  FP-biotin  in  these  proteins  is  unknown. 

Tyr  238  and  Tyr  574  of  Human  Transferrin  Bind  OP 

Structures  of  OP  are  in  Figure  3.  FP-biotinylated,  CAM 
tryptic  peptides  of  human  transferrin  were  purified  on 
monomeric  avidin  beads  and  their  masses  determined  by 
MALDI-TOF  mass  spectrometry.  Every  peak  in  the  MALDI- 
TOF  spectrum  was  fragmented  with  the  MALDI-TOF-TOF 
feature  of  the  mass  spectrometer.  The  MS/MS  scans  were 
examined  for  the  presence  of  ions  characteristic  of  FP-biotin  at 
227,  312,  and  329  amu  (Schopfer  et  aL,  2005).  A  peptide  that 
fragmented  to  yield  these  ions  was  labeled  with  FP-biotin. 
Additional  information  about  the  peptide  was  obtained  in  the 
QTRAP  4000  mass  spectrometer. 

Two  FP-biotin-labeled  peptides  were  identified  in  human 
transferrin.  The  labeled  tyrosines  are  Tyr  238  and  Tyr  574, 
when  numbering  is  for  the  mature  human  transferrin  protein 
(MacGillivray  et  aL,  1982)  from  which  the  19  amino  acid 
signal  peptide  has  been  deleted  (Swiss  Prot  accession 
#P02787).  Both  holo-  and  apo-human  transferrin  bound  FP- 
biotin. 

The  MS/MS  spectrum  in  Figure  4A  shows  that  FP-biotin  is 
covalently  attached  to  tyrosine  in  peptide  LysProValAspGlu- 
Tyr*Lys  (KPVDEY*K).  The  parent  ion  mass  (726  m/z,  doubly 


charged)  is  equal  to  the  peptide  mass  plus  the  added  mass  from 
FP-biotin  (572  amu).  Fragments  at  227.3,  312.5,  and  329.5  amu 
are  characteristic  for  the  presence  of  FP-biotin.  Absence  of 
a  mass  at  591  amu  suggests  the  FP-biotin  is  bound  to  tyrosine 
(Schopfer  et  ai,  2005),  because  the  591  amu  fragment  of  FP- 
biotin  is  released  from  serine  but  not  from  tyrosine.  The  masses  at 
708.8  and  691.6  amu  are  commonly  seen  in  the  fragmentation 
spectrum  of  FP-biotinylated  tyrosine  and  are  consistent  with  the 
immonium  ion  of  FP-biotinylated  tyrosine  and  its  deamino 
counterpart  (unpublished  observations).  The  y-ion  series  (y2-y6) 
is  consistent  with  FP-biotin  attached  to  the  C-terminal  peptide, 
TyrLys  (YK).  Of  these  two  residues,  tyrosine  is  the  most  likely 
candidate  for  carrying  the  label.  Had  the  lysine  been  labeled, 
trypsin  would  not  have  recognized  that  lysine  as  a  cleavage  site. 
The  b-ion  series  (bl-b5)  supports  the  identification  of  the 
peptide. 

Peptide  LysProValAspGluTyr*Lys  (KPVDEY*K)  of  human 
transferrin  also  covalently  bound  DFP,  chorpyrifos  oxon, 
dichlorvos,  soman,  and  sarin  on  Tyr  238  as  shown  in  Figures 
4B-F.  The  isopropyl  group  of  DFP  and  the  pinacolyl  group  of 
soman  were  released  by  collision-induced  dissociation  in  the 
QTRAP  mass  spectrometer  (Figs.  4B  and  4E).  However,  the 
isopropyl  group  was  not  released  from  sarin  by  matrix-assisted 
laser  desorption  ionization  (Fig.  4F).  The  methylphosphotyr- 
osine  immonium  ion  at  214  amu  is  characteristic  for  soman  and 
sarin  adducts  on  tyrosine  (Figs.  4E  and  4F). 

The  spectrum  in  Figure  5 A  shows  that  FP-biotin  is 
covalently  attached  to  tyrosine  in  peptide  LysProValGluGlu- 
Tyr*AlaAsnCysHisLeuAlaArg  (KPVEEY*ANCHLAR).  The 
parent  ion  mass  (541.4  m/z,  quadruply  charged)  is  consistent 
with  the  mass  of  the  peptide  plus  the  added  mass  of  FP-biotin. 
The  characteristic  fragments  at  227.3,  312.6,  329.6,  708.7,  and 
691.6  amu  along  with  the  absence  of  a  fragment  at  591  amu  are 
indicative  of  FP-biotin  bound  to  a  tyrosine  in  this  peptide. 
Minor  fragments  at  1248.6,  1378.0,  and  1507.0  amu  are 
consistent  with  FP-biotinylated  peptides  y8-yl0  that  have  lost 
328  amu  during  collision-induced  dissociation  in  the  mass 
spectrometer.  Three  hundred  and  twenty-eight  amu  is  the 
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sarin-labeled  tyrosine  (Figs.  5E  and  5F).  Collision-induced 
fragmentation  in  the  QTRAP  mass  spectrometer  resulted  in 
loss  of  the  pinacolyl  group  from  soman,  and  the  isopropyl 
group  from  sarin  (Figs.  5E  and  5E),  indicated  by  loss  of  84  and 
42  amu.  Analyses  of  the  spectra  support  the  labeling  of 
tyrosine.  Details  are  given  in  the  figure  legends. 

Mouse  Transferrin  Labeled  on  Tyr  238,  Tyr  319,  Tyr  429, 

Tyr  491,  Tyr  518. 

Eive  tyrosines  in  mouse  transferrin  were  labeled  by  EP- 
biotin  and  chlorpyrifos  oxon  (Table  1).  Two  tyrosines  were 
labeled  by  DPP,  three  by  sarin,  and  two  by  soman.  No  residues 
were  labeled  by  dichlorvos.  Both  holo-  and  apo-  mouse 
transferrin  bound  PP-biotin  (data  not  shown). 

No  Aging 

Aging  of  OP-modified  acetylcholinesterase  and  butyrylcho- 
linesterase  involves  the  loss  of  an  alkyl  group  from  the  OP.  Por 
example,  soman-inhibited  acetylcholinesterase  loses  the  pina¬ 
colyl  group  during  aging  so  that  the  added  mass  for  aged 
soman  is  72  rather  than  162  amu.  The  LC/MS/MS  data  sets  for 
soman  and  CPO-labeled  transferrin  peptides  were  manually 
searched  for  parent  ions  with  an  added  mass  of  72  for  aged 
soman,  or  an  added  mass  of  108  for  aged  CPO,  as  well  as  for 
parent  ions  with  an  added  mass  of  162  for  nonaged  soman  and 
136  for  nonaged  CPO.  No  masses  for  aged  OP  adducts  were 
found,  though  the  data  sets  did  contain  masses  for  nonaged 
adducts.  In  conclusion,  no  evidence  for  aging  of  the  OP- 
tyrosine  adducts  of  transferrin  was  found. 


O  CH3 

sarin  CH3P-OCHCH3 

FIG.  3.  Structures  of  the  phosphoryl  moieties  that  have  become  attached 
through  phosphorus  to  tyrosine.  Covalent  binding  to  tyrosine  results  in  loss  of 
the  fluoride  ion  from  soman,  DFP,  FP-biotin,  and  sarin,  of  the  dichlorovinyl 
alcohol  group  from  dichlorvos,  and  of  the  trichloropyridinol  group  from 
chlorpyrifos  oxon.  Tyrosine  loses  one  hydrogen.  The  added  mass  is  162.2  for 
soman,  164.1  for  DFP,  136.0  for  chlorpyrifos  oxon,  572.3  for  FP-biotin,  108.0 
for  dichlorvos,  and  120.0  for  sarin.  The  arrows  in  FP-biotin  indicate 
fragmentation  sites.  A  227  amu  ion  is  produced  by  cleavage  between  carbon 
16  and  the  adjacent  nitrogen.  A  329  amu  ion  is  produced  by  cleavage  between 
carbon  10  and  the  adjacent  nitrogen.  The  312  amu  ion  is  produced  by  loss  of 
the  amine  from  the  329  ion. 


neutral  counterpart  of  the  329  amu  characteristic  fragment 
from  PP-biotin.  The  y-ion  series  (yl-y7)  and  the  b-ion  series 
(bl-b5)  account  for  all  the  residues  in  the  peptide  except  for 
the  tyrosine  which  appears  to  carry  the  PP-biotin  label. 

Peptide  Ly  sPro  V  alGluGluTyr*  AlaAsnCy  sHisLeuAlaArg 
(KPVEEY*ANCHLAR)  of  human  transferrin  also  covalently 
bound  DPP,  chlorpyrifos  oxon,  dichlorvos,  soman  and  sarin  on 
Tyr  574,  as  shown  in  Pigures  5B-P.  The  methylphosphotyr- 
osine  immonium  ion  at  214  amu  is  characteristic  of  soman  and 


Motif  for  OP  Binding  to  Tyrosine 

Comparison  of  the  sequences  of  the  transferrin  peptides  that 
bind  OP  shows  no  definite  consensus  sequence  around  the 
tyrosine  to  which  the  OP  binds.  What  the  peptides  do  have  in 
common  is  the  presence  of  a  positively  charged  Arginine, 
Lysine,  or  Histidine  within  one  to  five  amino  acids  from  the 
labeled  tyrosine,  or  within  a  certain  distance  in  the  tertiary 
structure.  Pigure  6  shows  a  distance  of  3.37  A  between  Tyr  238 
and  Lys  239,  and  a  distance  of  4.06  A  between  Tyr  574  and  His 
535  in  the  tertiary  stmcture  of  apo-transferrin.  Nearby 
positively  charged  residues  probably  interact  with  the  phenolic 
hydroxyl  group  of  tyrosine  to  lower  the  pKa.  Tyrosines  with 
a  lower  pKa  value  would  be  better  nucleophiles  and  thus  be 
better  able  to  attack  OP. 

Peptide  ArgTyrThrArg  Covalently  Binds  OP 

The  hypothesis  was  tested  that  a  positively  charged  amino 
acid  located  near  a  tyrosine  could  activate  tyrosine,  enabling  it 
to  covalently  bind  OP.  Incubation  of  peptide  ArgTyrThrArg 
with  0.1,  0.2,  or  ImM  CPO,  dichlorvos,  or  DPP  in  pH  8.3 
buffer  at  37°C  for  16  h  resulted  in  covalent  labeling  of  tyrosine 
(Pig.  7).  Thirty-seven  percent  of  a  170pM  solution  of 
ArgTyrThrArg  was  labeled  by  ImM  DPP,  24%  by  ImM 
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FIG.  4.  MS/MS  spectra  of  OP  labeled  Tyr  238  in  peptide  KPVDEYK  of  human  transferrin.  Mass  spectra  in  (A-D)  were  acquired  on  the  QTRAP  4000  mass 
spectrometer  by  infusion,  in  panel  E  on  the  QTRAP  2000  by  LC/MS/MS,  and  in  panel  F  on  the  MALDI-TOF-TOF  mass  spectrometer.  The  b  and  y  ion  masses  in 
all  panels  are  consistent  with  OP  covalently  bound  to  Tyr  238.  (A)  The  doubly  charged  parent  ion  of  the  FP-biotin-labeled  peptide  is  at  726.0  m/z.  Masses  enclosed 
in  boxes  at  227.3,  312.5,  and  329.5  amu  are  fragments  of  FP-biotin.  The  immonium  ion  of  FP-biotinylated  tyrosine  is  at  708.8  amu.  Its  partner  ion  at  691.6  amu  has 
lost  17  amu.  (B)  The  doubly  charged  parent  ion  of  the  DFP-labeled  peptide  is  at  522.0  m/z.  Loss  of  one  or  both  isopropyl  groups  during  collision-induced 
dissociation  yields  y-ions  minus  42  or  minus  84  amu,  confirming  the  presence  of  diisopropylphosphate.  Loss  of  both  isopropyl  groups  is  the  most  common 
observation  (Grigoryan  et  al,  2008;  Li  et  al,  2007).  The  y-ion  series  (yl  and  y2-84  through  y6-84)  indicates  that  tyrosine  is  labeled.  The  delta  mass  (242.9  amu) 
between  yl  (147.2  amu)  and  y2-84  (390.1  amu)  is  consistent  with  the  appearance  of  tyrosine  phosphate  at  fragment  y2  (163  amu  for  tyrosine  and  80  amu  for 
phosphate).  The  mass  at  373.2  amu  is  the  y2  ion  minus  101  amu,  representing  loss  of  two  isopropyl  groups  as  well  as  ammonia.  The  mass  at  501.8  m/z  is  the 
doubly  charged  parent  ion  minus  one  isopropyl  group.  The  mass  at  216.1  amu  is  consistent  with  the  phosphotyrosine  immonium  ion.  (C)  The  doubly  charged 
parent  ion  of  the  chlorpyrifos  oxon-labeled  peptide  is  at  508.7  m/z.  The  y-ion  series  (yl-y6)  shows  the  presence  of  all  residues.  The  mass  difference  (299.0  amu) 
between  yl  (147.2  amu)  and  y2  (446.2  amu)  clearly  shows  the  diethoxyphosphate  on  tyrosine  in  fragment  y2  (163  amu  for  tyrosine  and  136  amu  for 
diethoxyphosphate).  The  mass  at  244.1  amu  is  consistent  with  the  monoethoxyphosphotyrosine  immonium  ion.  The  mass  at  272.0  amu  is  consistent  with  the 
diethoxyphosphotyrosine  immonium  ion.  (D)  The  doubly  charged  parent  ion  of  the  dichlorvos-labeled  peptide  is  at  494.0  m/z.  The  y-ion  series  (yl-y6)  shows  the 
presence  of  all  residues.  The  mass  difference  (270.9  amu)  between  yl  (147.2  amu)  and  y2  (418.1  amu)  clearly  shows  the  dimethoxy phosphate  on  tyrosine  in 
fragment  y2  (163  amu  for  tyrosine  and  108  amu  for  dimethoxyphosphate).  The  mass  at  244.0  amu  is  consistent  with  dimethoxyphosphotyrosine  immonium  ion. 
(E)  The  parent  ion  of  the  soman-labeled  peptide  has  a  mass  to  charge  ratio  of  520.7,  but  this  mass  does  not  appear  in  the  scan.  The  prominent  peak  at  479.5  is  the 
doubly  charged  parent  ion  that  has  lost  the  pinacolyl  group  from  soman.  The  y2-yl  ions  have  all  lost  84  amu  due  to  release  of  pinacolyl  from  soman.  The  peak  at 
214.4  is  the  methylphosphotyrosine  immonium  ion.  (F)  The  parent  ion  of  the  sarin-labeled  peptide  is  the  singly  charged  ion  at  998.5  amu.  The  masses  of  the  y-ion 
series,  and  the  214.1  mass  for  methylphosphotyrosine  immonium,  support  labeling  on  tyrosine. 
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FIG.  5.  MS/MS  spectra  of  OP  labeled  Tyr  574  in  peptide  KPVEEYANCHLAR  of  human  transferrin.  Mass  spectra  in  (A),  (B),  and  (C)  were  acquired  on  the 
QTRAP  4000  mass  spectrometer  by  infusion,  in  (D)  on  the  MALDI-TOF-TOE,  in  panels  E  and  E  by  LC/MS/MS  on  the  QTRAP  2000  mass  spectrometer.  The 
b  and  y  ion  masses  in  all  panels  are  consistent  with  OP  covalently  bound  to  Tyr  574.  Cysteine  has  been  CAM,  which  adds  a  mass  of  57  amu.  (A)  The  quadruply 
charged  parent  ion  of  the  FP-biotin-labeled  peptide  is  at  541.4  m/z.  Masses  enclosed  in  boxes  at  227.3,  312.6,  and  329.6  amu,  are  fragments  of  FP-biotin.  The 
immonium  ion  of  FP-biotinylated  tyrosine  is  at  708.7  amu.  Its  partner  ion  at  691.6  amu  has  lost  17  amu.  Three  y-ions  have  lost  328  amu  from  FP-biotin.  (B)  The 
triply  charged  parent  ion  of  the  DFP-labeled  peptide  is  at  584.2  m/z.  Loss  of  one  or  both  isopropyl  groups  yields  ions  minus  42  or  minus  84  amu.  The  y-ion  series 
(y  l-y7)  supports  the  identification  of  the  peptide  and  indicates  that  the  OP  label  is  not  in  that  portion  of  the  peptide.  The  delta  mass  (243.2  amu)  between  yl  (841 .3  amu) 
and  y8-84  (1084.4  amu)  fits  with  the  appearance  of  tyrosine-phosphate  in  fragment  y8  (163  amu  for  tyrosine  and  80  amu  for  phosphate).  The  presence  of 
tyrosine-phosphate  is  expected  for  tyrosine-diisopropylphosphate  that  has  lost  both  isopropyl  groups.  Masses  at  1213.7  (y9-84),  826.0  (b6-84)  and  897.4  amu  (b7-84) 
support  this  assignment.  The  mass  at  215.9  amu  is  consistent  with  the  phosphotyrosine  immonium  ion.  (C)  The  triply  charged  parent  ion  of  the  chlorpyrifos  oxon- 
labeled  peptide  is  at  575.2  m/z.  The  y-ion  series  (yl-yll)  shows  a  delta  mass  (299.4  amu)  between  yl  (841.3  amu)  and  y8  (1140.7  amu)  that  is  consistent  with  the 
appearance  of  tyrosine-diethoxyphosphate  at  fragment  y8  (163  amu  for  tyrosine  and  136  amu  for  diethoxyphosphate).  This  is  supported  by  the  b-ion  series  (bl-b9) 
which  shows  the  appearance  of  the  same  tyrosine  as  tyrosine-diethoxyphosphate  at  fragment  b6.  The  mass  at  272.5  amu  is  consistent  with  the  diethoxyphosphotyrosine 
immonium  ion.  (D)  The  singly  charged  parent  ion  of  the  dichlorvos-labeled  peptide  is  at  1694.9  m/z.  This  is  a  MALDI-TOF-TOF  spectrum,  where  parent  ions  are 
typically  singly  charged.  The  y-ion  series  (yl-ylO)  shows  a  delta  mass  (271.1  amu)  between  yl  (841.6  amu)  and  y8  (1112.7  amu)  which  is  consistent  with  the 
appearance  of  tyrosine-dimethoxyphosphate  at  fragment  y8  (163  amu  for  tyrosine  and  108  amu  for  dimethoxyphosphate).  The  mass  at  244.1  amu  is  consistent  with 
dimethoxyphosphotyrosine  immonium  ion.  (E)  The  triply  charged  parent  ion  of  the  soman-labeled  peptide  has  a  mass  of  583.9,  but  this  mass  does  not  appear  in  the 
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TABLE  1 

Human  and  Mouse  Transferrin  (Swiss  Prot  accession#  P02787 
and  Q921I1)  Labeled  with  OP  Agents 


OP 

Human-labeled  peptide 

Mouse-labeled  peptide 

OP-Tyr 

FP-biotin 

KPVDEY*K 

KPVDQY*EDCYLAR 

Y238 

FP-biotin 

LYLGHNY*VTAIR 

Y319 

FP-biotin 

GY*YAVAWK 

Y429 

FP-biotin 

FDEFFSQGCAPGY*EK 

Y491 

FP-biotin 

EEYNGY*TGAFR 

Y518 

FP-biotin 

KPVEEY*ANCHLAR 

Y574 

DFP 

KPVDEY*K 

KPVDQY*EDCYLAR 

Y238 

DFP 

GY*YAVAWK 

Y429 

DFP 

KPVEEY*ANCHLAR 

Y574 

CPO 

KPVDEY*K 

KPVDQY*EDCYLAR 

Y238 

CPO 

LYLGHNY*VTAIR 

Y319 

CPO 

GY*YAVAWK 

Y429 

CPO 

FDEFFSQGCAPGY*EK 

Y491 

CPO 

EEYNGY*TGAFR 

Y518 

CPO 

KPVEEY*ANCHLAR 

Y574 

Dichlorvos 

KPVDEY*K 

Y238 

Dichlorvos 

KPVEEY*ANCHLAR 

Y574 

Sarin 

KPVDEY*K 

KPVDQY*EDCYLAR 

Y238 

Sarin 

GY*YAVAWK 

Y429 

Sarin 

GYY*AVAWK 

Y430 

Sarin 

KPVEEY*ANCHLAR 

Y574 

Soman 

KPVDEY*K 

KPVDQY*EDCYLAR 

Y238 

Soman 

GYY*AVAWK 

Y430 

Soman 

KPVEEY*ANCHLAR 

Y574 

Note.  Single  letter  codes  for  amino  acids  are  A,  ala;  C,  cys;  D,  asp;  E,  glu;  E, 
phe;  G,  gly;  H,  his;  I,  ile,  K,  lys;  L,  leu;  M,  met;  N,  asn;  P,  pro;  Q,  gin;  R,  arg; 
S,  ser;  T,  thr;  V,  val;  W,  trp;  Y,  tyr.  The  labeled  tyrosine  is  designated  by  an 
asterisk  Y*.  The  table  shows  the  amino  acid  sequences  of  the  tryptic  peptides 
containing  OP-labeled  tyrosine.  The  location  of  the  labeled  tyrosine  in  the 
transferrin  protein  is  given  in  the  last  column.  Tyrosine  238  of  transferrin  was 
labeled  in  both  species.  Tyr  319,  429,  430,  491,  and  518  was  labeled  only  in 
mouse  transferrin.  Tyr  574  was  labeled  only  in  human  transferrin.  Transferrin 
1  mg/ml  in  pH  8.5  buffer  was  treated  in  vitro  with  0.5mM  OP  at  37°C  for  16  h. 

CPO,  and  21%  by  ImM  dichlorvos.  MS/MS  spectra  showed 
that  the  OP-labeled  residue  in  peptide  ArgTyrThrArg  was 
tyrosine.  Peptide  SerTyrSerMet  was  also  labeled  by  ImM  DFP, 
CPO,  and  dichlorvos,  but  no  labeling  was  detected  with  0.1  and 
0.2mM  OP.  MS/MS  spectra  showed  that  the  OP-labeled 
residue  in  SerTyrSerMet  was  tyrosine.  Peptide  SerTyrSerMet 
ionized  poorly  in  the  MALDI-TOF,  giving  a  weak  signal  with 
large  standard  deviation.  It  was  concluded  that  tyrosines  in 
general  could  be  labeled  by  OP,  but  that  the  most  reactive 
tyrosines  were  located  near  a  positively  charged  arginine  or 
lysine. 


The  higher  reactivity  of  DFP  compared  with  other  OP  has 
been  explained  by  formation  of  a  hydrogen-bonded  interme¬ 
diate  between  fluoride  and  the  hydroxyl  group  of  tyrosine 
(Ashbolt  and  Rydon,  1957). 

Function  of  Transferrin  is  not  Disrupted  by  OP  Binding 

It  was  unknown  whether  covalent  binding  of  an  OP  to 
transferrin  affected  the  ability  of  transferrin  to  bind  ferric  ions. 
Tyrosines  95,  188,  426,  and  517  are  involved  in  the  binding  of 
ferric  ions  in  human  transferrin  (Sargent  et  ai,  2005). 

Human  apo-transferrin,  labeled  with  FP-biotin  on  Tyr  238 
and  Tyr  574,  as  well  as  control  apo-transferrin  were  titrated 
with  ferric  nitriloacetate  to  determine  binding  stoichiometry. 
Figure  8  shows  that  both  transferrin  preparations  bound  ap¬ 
proximately  2  mol  of  ferric  ion  per  mole  of  transferrin,  a  result 
in  agreement  with  the  known  number  of  ferric  ion  binding  sites 
in  transferrin  (Bates  and  Schlabach,  1973).  It  was  concluded 
that  modification  of  human  transferrin  by  FP-biotin  did  not 
interfere  with  binding  of  ferric  ion. 

DISCUSSION 

Serine  Hydrolases  are  not  the  only  OP-Binding  Proteins  in 

Human  Plasma 

Our  expectation  when  we  started  this  project  was  that  OP- 
labeled  proteins  would  all  be  serine  esterases  and  serine 
proteases.  We  expected  butyrylcholinesterase  to  be  the  domi¬ 
nant  OP-binding  protein  in  human  plasma  (Fidder  et  aL,  2002; 
Van  Der  Schans  et  aL,  2004).  Our  results  show  that  this 
expectation  was  not  met.  OP  bind  not  only  to  serine  esterases 
and  serine  proteases,  but  also  to  proteins  that  have  an  activated 
tyrosine.  Using  mass  spectrometry,  we  have  conclusively 
demonstrated  OP  binding  to  18  tyrosines  in  five  proteins: 
human  albumin  (Ding  et  aL,  2008;  Li  et  aL,  2007),  alpha-  and 
beta-tubulin  (Grigoryan  et  aL,  2008),  human  transferrin  and 
mouse  transferrin.  In  addition  we  have  shown  that  human 
alpha- 1 -antitrypsin,  human  complement  C3,  human  alpha-2- 
macroglobulin  covalently  bind  FP-biotin,  though  the  site  of 
attachment  is  unknown.  Tyrosine  in  small  synthetic  peptides 
was  also  the  site  of  attachment  of  OP. 

New  OP-Binding  Motif 

The  OP-binding  motif  in  the  serine  hydrolase  family  is 
GlyXSerXGly  where  OP  is  covalently  bound  to  serine.  Though 
OP  binding  to  Tyr  41 1  of  human  albumin  has  been  recognized 
(Li  et  aL  2007,  2008;  Williams  et  aL,  2007),  OP  binding  to 


spectrum.  The  mass  at  555.5  is  the  triply  charged  parent  ion  that  has  lost  84  amu  from  the  pinacolyl  group  of  soman.  The  doubly  charged  y8-y  13  ions  have  all  lost  84 
amu  from  soman;  the  y8-yl3  masses  support  labeling  on  tyrosine.  The  methylphospho tyrosine  immonium  ion  is  present  at  214.3  amu.  (F)  The  quadruply  charged 
parent  ion  for  sarin-labeled  peptide  has  a  mass  of  427.7,  but  this  mass  does  not  appear  in  the  spectrum.  The  most  prominent  peak  is  the  methylphosphotyrosine 
immonium  ion  at  2 14.3  amu,  supporting  labeling  of  tyrosine  by  sarin.  The  doubly  charged  y8  and  y9  ions,  and  the  triply  charged  b5  and  b6  ions  also  support  labeling  on 
tyrosine.  These  ions  have  lost  42  amu  due  to  loss  of  the  isopropyl  group  from  sarin. 
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FIG.  6.  OP-labeled  Tyr  238  and  Tyr  574  in  the  crystal  structure  of  human  apo-transferrin  (PDB  code  2hav).  The  phenolic  hydroxyl  of  Tyr  238  is  3.37  A  from 
the  amine  of  Lys  239  and  5.06  A  from  Gin  92.  The  phenolic  hydroxyl  of  Tyr  574  is  4.06  A  from  the  imidazole  nitrogen  of  His  535  and  5.99  A  from  oxygen  in  the 
carbonyl  of  Glu  572  (Wally  et  al.,  2006). 


tyrosine  as  a  general  phenomenon  has  not  been  appreciated. 
Our  results  show  that  OP  binding  to  tyrosine  is  not  limited  to 
Tyr  411  of  albumin,  but  is  found  on  many  tyrosines  in  many 
proteins.  Even  the  small  peptide  ArgTyrThrArg  made  a  co¬ 
valent  bond  with  OP.  Our  analysis  of  OP-labeled  tyrosine 
peptides  reveals  no  consensus  amino  acid  sequence  around  the 
labeled  tyrosine.  The  chief  requirement  for  OP  binding  to 


dichlorvos  CPO  DFP 

FIG.  7.  Labeling  of  peptide  ArgTyrThrArg  by  dichlorvos,  chlorpyrifos 
oxon,  and  DFP.  The  reaction  of  170pM  peptide  with  0.1,  0.2,  or  ImM  OP  was 
in  ammonium  bicarbonate  buffer  pH  8.3,  at  37°C  for  16  h.  MALDI-TOF  cluster 
areas  were  used  to  calculate  %  labeling.  MS/MS  spectra  identified  the  labeled 
residue  as  tyrosine. 


tyrosine  appears  to  be  a  nearby  positively  charged  arginine  or 
lysine.  The  positively  charged  groups  stabilize  the  phenolate 
anion  of  tyrosine,  thus  lowering  the  pKa  of  tyrosine.  The 
unusually  low  pKa  enables  the  negatively  charged  phenolic 
anion  to  react  with  OP  at  physiological  pH  values. 

It  is  anticipated  that  many  more  proteins  than  those  we  have 
already  identified  can  be  modified  by  OP.  Proteins  with  no 
active  site  serine  have  been  implicated  in  OP-induced  neuro- 
developmental,  behavioral,  and  immunological  effects.  These 
proteins  include  neurotransmitter  receptors  (Aldridge  et  al, 
2003;  Bomser  and  Casida,  2001;  Katz  et  al,  1997;  Lein  and 
Fryer,  2005;  Pope,  1999;  Quistad  et  al,  2002;  Smulders  et  al, 
2004),  proteins  in  the  adenylyl  cyclase  signaling  cascade  (Song 
et  al,  1997),  cyclic  AMP  response  element  binding  protein 
(Schuh  et  al.,  2002),  immune  function  proteins  (Kassa  et  al, 
2003),  and  kinesin  in  the  axonal  transport  system  (Gearhart 
et  al,  2007;  Prendergast  et  al,  2007;  Terry  et  al,  2007). 
Whether  OP  bind  to  tyrosine  in  these  proteins  is  unknown. 

Biomarkers  of  OP  Exposure 

Our  in  vitro  conditions  used  high  concentrations  of  OP  that 
would  not  be  found  during  in  vivo  poisoning.  It  is  unknown 
whether  live  animals  treated  with  a  nonlethal  dose  of  OP  would 
have  OP-labeled  transferrin.  However,  it  is  known  that  mice 
treated  with  a  nontoxic  dose  of  FP-biotin  (1  and  5  mg/kg  ip) 
(Peeples  et  al,  2005)  and  guinea  pigs  treated  with  sarin, 
soman,  cyclosarin,  and  tabun  have  OP-labeled  albumin  in  their 
blood  (Williams  et  al,  2007).  The  guinea  pigs  received  0.5-5 
LD50  doses  of  nerve  agent,  but  were  alive  up  to  7  days  later 
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FIG.  8.  FP-biotinylation  of  Tyr  238  and  Tyr  574  in  human  transferrin  does 
not  interfere  with  ferric  ion  binding.  One  milliliter  of  12.1tiM  apo-transferrin 
control  (♦)  titrated  with  FENTA  had  an  endpoint  of  27.3pM  FENTA,  which 
calculates  to  2.26  mol  of  ferric  ion  bound  per  mole  of  transferrin.  One  milliliter 
of  14.67  pM  FP-biotinylated  apo-transferrin  (■)  had  an  endpoint  of  31.3pM 
FENTA,  which  calculates  to  2.11  mol  of  ferric  ion  bound  per  mole  of 
transferrin.  Assays  for  each  type  of  transferrin  were  performed  in  duplicate. 

because  they  had  been  protected  with  pyridostigmine,  oximes, 
atropine,  and  midazolam.  Tyrosine-modified  proteins  could 
serve  as  biomarkers  for  OP  exposure. 

No  Aging 

The  serine  hydrolases,  acetylcholinesterase,  butyrylcholines- 
terase,  and  acylpeptide  hydrolase  have  been  shown  to  serve  as 
biomarkers  of  OP  exposure  in  mice  and  rats  (Quistad  et  aL, 
2005;  Richards  et  aL,  2000).  OP-labeled  serine  hydrolases  lose 
part  of  the  OP  in  a  process  called  aging,  making  it  impossible 
to  distinguish  between  exposure  to  sarin  and  soman.  In  con¬ 
trast,  OP-labeled  tyrosines  do  not  undergo  aging,  so  that  la¬ 
beling  by  sarin  is  clearly  distinguished  from  labeling  by  soman. 

Significance 

Our  findings  may  have  application  to  diagnosis  and  treatment 
of  OP  exposure.  Proteins  that  have  no  active  site  serine  may 
serve  as  biomarkers  of  exposure.  In  the  future  it  may  be  possible 
to  develop  antibodies  to  the  new  OP-labeled  biomarkers  to  use 
for  screening  OP  exposure.  Synthetic  peptides  containing 
arginine,  lysine,  and  tyrosine  may  find  application  as 
scavengers  to  clear  the  body  of  OP.  The  recognition  of  a  new 
OP-binding  motif  to  tyrosine  suggests  new  directions  to  search 
for  mechanisms  of  long-term  effects  of  OP  exposure. 
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Abstract 

Our  goal  was  to  determine  whether  chlorpyrifos  oxon,  dichlorvos,  diisopropylfluorophosphate  (DFP),  and  sarin  covalently  bind  to 
human  albumin.  Human  albumin  or  plasma  was  treated  with  organophosphorus  (OP)  agent  at  alkaline  pH,  digested  with  pepsin  at  pH 
2.3,  and  analyzed  by  matrix-assisted  laser  desorption/ionization  time-of-flight  (MALDI-TOF)  mass  spectrometry.  Two  singly  charged 
peaks  miz  1718  and  1831,  corresponding  to  the  unlabeled  peptide  fragments  containing  the  active  site  Tyr41 1  residue,  were  detected  in  all 
samples.  The  sequences  of  the  two  peptides  were  VRYTKKVPQVSTPTL  and  LVRYTKKVPQVSTPTL.  The  peptide-OP  adducts  of 
these  peptides  were  also  found.  They  had  masses  of  1854  and  1967  for  chlorpyrifos  oxon,  1825  and  1938  for  dichlorvos,  1881  and  1994  for 
DFP,  and  1838  and  1938  for  sarin;  these  masses  fit  a  mechanism  whereby  OP  bound  covalently  to  Tyr41 1.  The  binding  of  DFP  to  Tyr41 1 
of  human  albumin  was  confirmed  by  electrospray  tandem  mass  spectrometry  and  analysis  of  product  ions.  None  of  the  OP-albumin 
adducts  lost  an  alkoxy  group,  leading  to  the  conclusion  that  aging  did  not  occur.  Our  results  show  that  OP  pesticides  and  nerve  agents 
bind  covalently  to  human  albumin  at  Tyr411.  The  presence  of  Tyr411  on  an  exposed  surface  of  albumin  suggests  that  an  antibody 
response  could  be  generated  against  OP-albumin  adducts. 

©  2006  Elsevier  Inc.  All  rights  reserved. 
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The  acute  toxicity  of  organophosphorus  (OP)^  toxicants 
is  known  to  be  due  to  inhibition  of  acetylcholinesterase. 
However,  other  proteins  also  bind  OP,  although  their  role 
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in  toxicity  is  less  defined  [1].  Albumin  is  a  potential  new  bio¬ 
marker  of  OP  exposure.  Mice  treated  with  a  nontoxic  dose 
of  a  biotinylated  nerve  agent  analog,  FP-biotin  (10-fluoro- 
ethoxyphosphinyl-7V-biotinamidopentyldecanamide),  had 
1000  times  more  FP-biotinylated  albumin  than  FP-biotin- 
ylated  butyrylcholinesterase  in  their  blood  [2]. 

Albumin  has  been  shown  to  covalently  bind  radio- 
labeled  diisopropylfluorophosphate  (DFP).  Human  albu¬ 
min  incorporated  1  mol  DFP  per  mole  of  albumin  when  20 
to  70  pM  albumin  was  incubated  with  a  sevenfold  molar 
excess  of  DFP  at  pH  8.0  for  2  h  at  23  °C  [3,4].  Bovine  albu¬ 
min  also  incorporated  1  mol  DFP  per  mole  of  albumin  [5]. 
The  site  of  covalent  binding  of  DFP  to  human  albumin  was 
identified  by  amino  acid  sequencing.  The  labeled  peptide 


264 


MALDI-TOF  MS  assay  for  organophosphorus  toxicants  /  B.  Li  et  al  I  Anal.  Biochem.  361  (2007)  263-272 


had  the  sequence  ArgTyrThrLys  with  DFP  bound  to  Tyr 
[6].  Later,  when  the  complete  amino  acid  sequence  of 
human  albumin  was  known,  the  active  site  tyrosine  was 
identified  as  Tyr411  (Tyr435  when  residue  1  is  Met  of  the 
signal  peptide).  Mass  spectrometry  (MS)  identified  Tyr410 
of  bovine  albumin  (equivalent  to  Tyr411  of  human  albu¬ 
min)  as  the  covalent  binding  site  for  FP-biotin  [7].  The 
nerve  agents  soman  and  sarin  were  shown  to  bind  cova¬ 
lently  to  human  albumin  on  tyrosine  [8,9]  and  to  be 
released  by  treatment  with  potassium  fluoride  [9]. 

Albumin  has  also  been  demonstrated  to  be  an  OP 
hydrolase,  hydrolyzing  chlorpyrifos  oxon,  0-hexyl  0-2,5- 
dichlorophenylphosphoramidate,  and  paraoxon  at  measur¬ 
able  rates  [10-13].  The  apparent  of  bovine  albumin  is 
0.41  mM  for  chlorpyrifos  oxon  and  1.85  mM  for  paraoxon 
[12],  and  the  apparent  of  human  albumin  is  3.6  mM  for 
DFP  [3].  Despite  this  seemingly  consistent  body  of  results, 
some  issues  have  been  raised  regarding  the  reaction  of  OP 
with  albumin.  It  has  been  questioned  whether  the  observed 
OP  hydrolase  activity  was  associated  with  the  albumin  mol¬ 
ecule  itself  or  with  minor  phosphotriesterase  contaminants 
in  the  albumin  preparation  [10].  In  addition,  the  possibility 
has  been  raised  that  DFP  binds  to  one  site  in  albumin  but 
that  other  OP  toxicants  bind  to  a  different  site  [12,14]. 

Our  goal  was  to  determine  whether  Tyr411  of  human 
albumin  was  the  site  for  covalent  attachment  of  a  variety  of 
OP  toxicants.  For  this  purpose  we  developed  a  matrix- 
assisted  laser  desorption/ionization  time-of-flight 
(MALDI-TOF)  MS  assay  applicable  to  purified  human 
albumin  and  to  human  plasma. 

Materials  and  methods 

Materials 

Purified  human  serum  albumin,  essentially  fatty  acid 
free,  was  obtained  from  Fluka  via  Sigma  (Cat.  No.  05418, 
St.  Louis,  MO,  USA).  Pepsin  from  porcine  gastric  mucosa 
was  obtained  from  Sigma  (Cat.  No.  P6887).  Modified  tryp¬ 
sin,  sequencing  grade,  was  purchased  from  Promega  (Cat. 
No.  V5113,  Madison,  WI,  USA).  DFP  was  obtained  from 
Sigma  (Cat.  No.  D0879).  Dichlorvos  and  chlorpyrifos  oxon 
were  purchased  from  Chem  Services  (Cat  Nos.  PS-89  and 
MET-674B,  West  Chester,  PA,  USA).  Sarin-treated  human 
plasma  was  a  gift  from  Patrick  Masson.  Acetonitrile  high- 
performance  liquid  chromatography  (HPLC)-grade  99% 
ACROS,  was  purchased  from  Fisher  Scientific  (Cat.  No. 
61001-0040,  Pittsburgh,  PA,  USA).  Trifluoroacetic  acid 
(TFA),  sequencing  grade,  was  purchased  from  Beckman 
Instruments  (Cat.  No.  290203,  Palo  Alto,  CA,  USA).  2,5- 
Dihydroxybenzoic  acid  (DHBA)  matrix  was  purchased 
from  Applied  Biosystems  (Foster  City,  CA,  USA).  a-Cyano 
4-hydroxycinnamic  acid  (CHCA,  Cat.  No.  70990,  Sigma) 
was  recrystallized  before  use.  Calibration  standards  for 
MALDI-TOF  were  obtained  from  New  England  Biolabs 
(Cat.  No.  P7720S,  Beverly,  MA,  USA)  and  included  angio¬ 
tensin  1  (1297.51  amu),  adrenocorticotropic  hormone 


(ACTH)  (7-38)  (3660.19  amu),  and  ACTH  (18-39)  (2466.73 
amu).  Double  distilled  water  was  prepared  in-house  and 
was  autoclaved. 

Sample  preparation  for  DFP-,  dichlorvos-,  and  chlorpyrifos 
oxon-treated  samples 

Fatty  acid-free  human  albumin  at  a  concentration  of 
10  mg/ml,  which  is  150jiM,  was  dissolved  in  25  mM  ammo¬ 
nium  bicarbonate  (pH  8.6)  and  treated  with  an  equimolar 
concentration  of  OP  for  24  h  at  37  °C.  The  pH  of  1000  pi 
reaction  mixture  was  reduced  to  2.3  by  the  addition  of 
500  pi  of  1%  TFA.  Pepsin  was  dissolved  in  lOmM  HCl  to 
make  1  mg/ml  and  was  stored  at  —  80°C.  The  albumin  was 
digested  with  pepsin  (1:250  ratio)  for  2h  at  37  °C  and  was 
diluted  to  1  pmol/pl  with  0.1%  TFA. 

A  200- pi  aliquot  of  human  plasma  was  treated  with 
6.85  pi  of  20  mM  OP  (660  pM  final  OP  concentration)  for 
24  h  at  37  °C.  The  pH  was  adjusted  to  2.3  to  2.5  by  the  addi¬ 
tion  of  200-pl  of  1%  TFA.  Proteins  were  digested  with  50  pi 
of  1  mg/ml  pepsin  for  2  h  at  37  °C.  Before  spotting  the  digest 
on  the  target  plate,  a  10- pi  aliquot  of  the  digest  was  diluted 
with  390  pi  of  0.1%  TFA  so  that  the  final  plasma  dilution 
was  1000-fold. 

MALDI-TOF 

A  1-pl  aliquot  of  diluted  peptic  digest  was  applied  to  a 
stainless-steel  target  plate,  air-dried,  and  overlaid  with  1  pi 
of  2,5-dihydroxybenzoic  acid  matrix.  The  CHCA  matrix 
gave  similar  results.  Mass  spectra  were  acquired  with  the 
Voyager  DE-PRO  MALDI-TOF  mass  spectrometer 
(Applied  Biosystems/MDS  Sciex)  in  linear  positive  ion 
mode,  20,000  V  accelerating  voltage,  94%  grid  voltage,  0.1% 
guide  wire,  350  ns  extraction  delay  time,  and  automated 
laser  intensity  adjustment  from  1000  to  1600.  The  instru¬ 
ment  was  calibrated  with  a  peptide  calibration  mixture 
from  New  England  Biolabs.  Mass  accuracy  for  each  stan¬ 
dard  was  within  0.05%  of  the  corresponding  average  molec¬ 
ular  weight.  Spectra  were  acquired  in  automatic  mode  by 
examining  signals  from  random  spots  on  a  target.  The  sig¬ 
nals  from  the  first  10  spots  that  met  the  acceptance  criteria 
were  summed  into  one  final  profile  mass  spectrum  The 
acceptance  criteria  were  signal  intensities  between  1000  and 
55,000  counts  with  signal/noise  ratios  of  10  or  greater  and 
minimum  resolution  of  50.  The  final  spectrum  was  the  aver¬ 
age  of  1000  shots. 

The  MS-Digest  program  from  the  UCSF  Mass  Spec¬ 
trometry  Facility  was  used  to  calculate  the  masses  of  the 
peptic  peptides  expected  from  digests  of  human  serum 
albumin. 

Quadrupole  mass  spectrometer 

Tandem  mass  spectra  (MS/MS)  were  acquired  on  a 
Q-Trap  2000  triple  quadrupole  linear  ion  trap  mass  spectrom¬ 
eter  (Applied  Biosystems/MDS  Sciex)  with  a  nano  electro- 
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spray  ionization  source.  DFP-labeled  albumin  digested 
with  trypsin  was  infused  into  the  mass  spectrometer  via  a 
fused  silica  emitter  (360  pm  o.d.,  20  pm  i.d.,  10  pm  taper, 
New  Objective,  Woburn,  MA,  USA)  using  a  Harvard 
syringe  pump  to  drive  a  100- pi  Hamilton  syringe  equipped 
with  an  inline  0.25-p  filter  at  a  flow  rate  of  1  pl/min.  Sam¬ 
ples  were  prepared  in  50%  acetonitrile  and  0.1%  formic 
acid.  Positive  ion  spectra  were  obtained.  Mass  spectra  were 
calibrated  using  fragment  ions  generated  from  collision- 
induced  dissociation  of  Glu  fibrinopeptide  B  (Sigma). 
Enhanced  product  ion  scans  were  obtained  with  collision 
energy  of  40  zb  5  V  and  nitrogen  gas  pressure  of  4x  10“^ 
Torr.  The  final  enhanced  product  ion  scan  was  the  average 
of  212  scans. 

Sample  preparation  of  sarin-treated  plasma 

Human  plasma  (100  pi)  was  treated  with  600  pM  sarin 
and  stored  at  ambient  temperature  for  3  days.  This  concen¬ 
tration  of  sarin  is  equimolar  with  the  concentration  of  albu¬ 
min  in  plasma.  Then  10  pi  was  digested  with  0.5  pg  of  pepsin 
at  37  °C  for  2h  at  pH  2.3,  and  the  peptides  were  separated 
by  HPLC  on  a  Waters  625  LC  system.  A  Cl 8  reverse-phase 
column  (Prodigy  5-p  ODS(2),  100  x  4.6  mm,  5  p,  OOD-3300- 
EO,  Phenomenex,  Torrance,  CA,  USA)  was  used  to  trap  the 
peptides  from  the  digest,  which  were  then  eluted  with  a  40- 
min  gradient  starting  with  85%  buffer  A  (0.1%  TEA  in 
water)  and  15%  buffer  B  (acetonitrile  containing  0.07% 
TEA)  and  ending  with  65%  buffer  A  and  35%  buffer  B. 
Then  1-ml  fractions  were  reduced  in  volume  to  200  pi  in  a 
vacuum  centrifuge,  and  1  pi  was  analyzed  by  MALDI- 
TOF.  A  control  plasma  sample  was  treated  identically 
except  that  it  was  incubated  with  3.5%  isopropanol  rather 
than  with  sarin. 

Results 

Reaction  of  pure  human  albumin  with  OP 

The  assay  was  developed  with  pure  human  albumin  and 
later  tested  with  human  plasma.  Fatty  acid-free  albumin 
was  used  because  fatty  acids  and  OP  bind  to  the  same  albu¬ 
min  domain  and  therefore  fatty  acids  could  block  the  bind¬ 
ing  of  OP  [3,15].  The  covalent  attachment  site  for  human 
albumin,  Tyr41 1,  is  located  near  the  surface  of  the  albumin 
molecule,  where  it  is  accessible  to  proteases.  Digestion  with 
trypsin  at  pH  8.6  or  with  pepsin  at  pH  2.0  to  2.5  released 
peptides  of  the  expected  masses  without  the  need  to  dena¬ 
ture  or  to  reduce  and  alkylate  the  disulfide  bonds  of  albu¬ 
min.  Peptides  containing  Tyr411  had  the  sequence  YTK 
(mlz  411,  singly  charged  mass)  when  the  protease  was  tryp¬ 
sin  and  had  the  sequences  VRYTKKVPQVSTPTL  (mlz 
1718)  and  LVRYTKKVPQVSTPTL  {mlz  1831)  when  the 
protease  was  pepsin.  Pepsin  routinely  missed  one  cleavage 
in  our  experiments. 

The  tryptic  YTK  peptide  {mlz  411)  and  the  dichlorvos, 
chlorpyrifos  oxon,  and  DFP  adducts  had  masses  that  over¬ 


lapped  with  matrix  peaks,  making  them  difficult  to  detect  by 
MALDI-MS.  Furthermore,  the  YTK  peptide  and  YTK- 
OP  adducts  did  not  seem  to  ionize  when  irradiated  by  the 
nitrogen  laser  in  the  Voyager  DE-PRO,  although  they  did 
ionize  in  the  electrospray  source  of  the  Q-Trap  mass  spec¬ 
trometer.  In  contrast,  the  larger  peptides  produced  by  diges¬ 
tion  of  albumin  with  pepsin  separated  well  from  matrix  and 
ionized  to  give  good  signals  in  the  Voyager  DE-PRO.  There¬ 
fore,  samples  intended  for  analysis  by  MALDI-TOF  were 
digested  with  pepsin  rather  than  with  trypsin. 

Table  1  lists  the  expected  peptic  peptide  masses  before 
and  after  covalent  binding  of  dichlorvos,  chlorpyrifos  oxon, 
DFP,  and  sarin  to  Tyr411  of  human  albumin.  The  leaving 
group  in  Table  1  is  that  portion  of  the  OP  molecule  that 
detaches  from  the  OP  on  covalent  binding  of  the  OP  to  pro¬ 
tein.  The  mass  of  the  leaving  group  is  absent  from  the  final 
adduct.  The  added  OP  mass  comes  from  the  phosphorus 
atom,  the  two  phosphorus  ligands,  and  the  phosphoryl  oxy¬ 
gen  atom,  less  one  hydrogen. 

Fig.  1  shows  the  MALDI-TOF  spectra  obtained  for  pep¬ 
sin-digested  human  albumin  before  and  after  treatment 
with  OP.  The  top  panel  shows  masses  at  mlz  1718  and  1831, 
which  are  consistent  with  the  peptides  from  unlabeled  albu¬ 
min  that  contain  Tyr411.  Additional  albumin  peptides  are 
also  present,  but  they  do  not  contain  Tyr411  and  therefore 
are  not  discussed.  The  dichlorvos  panel  shows  peaks  at  mlz 
1718  and  1831  as  well  as  two  new  peaks  at  mlz  1826  and 
1939.  The  two  new  peaks  have  the  expected  sizes  for  the 
dimethoxyphosphate  adducts  of  the  mlz  1718  and  1831 
peptides.  The  amount  of  labeled  albumin  estimated  from 
the  relative  peak  areas  is  65%.  The  chlorpyrifos  oxon  panel 
shows  two  new  peaks  at  mlz  1854  and  1967  for  the  dieth- 
oxyphosphate  adducts.  Approximately  30%  of  the  albumin 
is  labeled.  The  DFP  panel  shows  two  new  peaks  at  mlz  1882 
and  1995  for  the  diisopropoxyphosphate  adducts.  Approxi¬ 
mately  70%  of  the  albumin  is  labeled.  Because  the  MALDI 
conditions  disrupt  noncovalent  interactions,  the  OP-pep- 
tide  adducts  must  be  covalently  formed.  These  results  sup¬ 
port  the  conclusion  that  human  albumin  is  labeled  by 
dichlorvos,  chlorpyrifos  oxon,  and  DFP  and  are  consistent 
with  the  site  for  covalent  attachment  being  Tyr411.  The 
masses  correspond  to  the  dialkoxy  adducts  rather  than  to 
the  monoalkoxy  adducts.  Masses  for  monoalkoxy  adducts 
were  not  found,  supporting  the  conclusion  that  OP-albu- 
min  adducts  do  not  age. 

Saturating  the  albumin  binding  sites 

Unlabeled  mlz  1718  and  1831  peptides  always  were 
present  when  the  concentration  of  OP  was  the  same  as  the 
concentration  of  albumin.  However,  when  the  dichlorvos 
or  DFP  concentration  was  40-fold  higher  than  the  albu¬ 
min  concentration,  all  of  the  Tyr411  sites  were  occupied 
and  no  unlabeled  peptides  of  mlz  1718  and  1831  were 
detected.  OP  labeling  reactions  with  albumin  were  per¬ 
formed  at  pH  8.5  because  labeling  occurs  at  high  pH  but 
is  decreased  markedly  at  neutral  pH  [3,5]. 
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Table  1 

Pepsin  digested  human  albumin 

Human  albumin  peptide  Peptide  miz  Peptide  m/z  after  dichlorvos  Dichlorvos  Leaving  group  Added  mass 


VRYTKKVPQVSTPTL 

LVRYTKKVPQVSTPTL 

VRYTKKVPQVSTPTL 


1718 

1826 

1831 

1939 

Peptide  Wi 

1718 

1854 

after  chlorpyrifos  oxon 


Cl 


Chlorpyrifos  oxon 


Cl  108 

r3 

0  Cl 


Cl  136 


LVRYTKKVPQVSTPTL 

1831 

1967 

Peptide  m/z  after  DFP 

DFP 

VRYTKKVPQVSTPTL 

1718 

1882 

0  0 

YXY 

H3C  0  F  CH3 

F 

164 

LVRYTKKVPQVSTPTL 

1831 

1995 

Peptide  m/z  after  sarin 

Sarin 

VRYTKKVPQVSTPTL 

1718 

1838 

H3C  0 

®  \  II 

%0-P-CH3 

H3C  F 

F 

120 

LVRYTKKVPQVSTPTL  1831  1951 


Note.  The  [M+H]^^  masses  of  peptic  peptides  containing  Tyr411  are  listed  before  and  after  covalent  binding  of  OP.  Tyr411  is  underlined.  The  accession 
number  for  human  albumin  is  GI:28592  where  Tyr41 1  is  Tyr435  because  numbering  begins  with  the  signal  peptide. 


Limit  of  detection 

It  was  essential  to  dilute  the  albumin  and  plasma  digests 
before  applying  the  sample  on  the  target  plate.  Undiluted 
samples  did  not  show  the  desired  peptides  due  to  ion  sup¬ 
pression  and  charge  competition  effects.  The  limit  of  detec¬ 
tion  of  OP-labeled  peptide  was  determined  from  dilutions 
of  peptides  in  which  all  of  the  Tyr411  sites  were  occupied. 
The  diluent  was  0.1%  TFA  in  water.  Peaks  of  interest  were 
detected  after  100-,  1000-,  3000-,  and  9000-fold  dilutions  of 
a  sample  whose  starting  concentration  was  600  pM  (40  mg/ 
ml)  albumin.  The  signal/noise  ratio  for  the  1:9000  diluted 
sample  was  3:1.  At  18,000-fold  dilution,  the  peak  height  was 
only  twofold  above  the  noise.  Thus,  the  minimum  detect¬ 
able  signal  from  an  OP-labeled  peptide  occurred  at  0.07 
pmol/pl. 

Missed  cleavage 

We  hoped  to  increase  the  sensitivity  of  the  assay  by 
changing  digestion  conditions  so  that  pepsin  would  consis¬ 
tently  cleave  Leu  from  the  N  terminus  of  the  active  site  pep¬ 
tide.  If  there  were  no  missed  cleavage,  the  area  of  the  1721 
peak  would  increase  relative  to  the  background  noise, 
thereby  increasing  the  sensitivity  of  the  assay.  We  increased 
the  pepsin/albumin  ratio  to  1:25,  lowered  the  pH  in 


increments  to  1.5,  and  increased  the  digestion  time  to  4h. 
A  pepsin/albumin  ratio  of  1:25  at  pH  1.8  incubated  for  2.5  h 
at  37  °C  did  eliminate  the  1831  peptide  but  did  not  increase 
the  signal  for  1721. 

Detection  of  dichlorvos  bound  to  albumin  in  human  plasma 

The  concentration  of  albumin  in  human  plasma  is 
approximately  40  to  50  mg/ml  (600-770  pM).  No  other  pro¬ 
tein  in  plasma  is  present  at  such  a  high  concentration.  This 
overwhelming  concentration  of  albumin  in  plasma  sug¬ 
gested  that  it  might  be  possible  to  detect  OP-albumin 
adducts  without  separating  albumin  from  other  proteins  in 
plasma.  This  was  tested  by  incubating  an  aliquot  of  human 
plasma  with  a  concentration  of  dichlorvos  equimolar  to  the 
albumin  concentration  in  plasma.  The  pH  was  not  adjusted, 
and  no  buffer  was  added  for  the  reaction  with  dichlorvos. 
Then  the  plasma  was  digested  with  pepsin  at  pH  2.3  and 
diluted  600-fold  with  0.1%  TFA  to  yield  an  albumin  pep¬ 
tide  concentration  of  approximately  1  pmol/pl.  A  1-pl  ali¬ 
quot  of  the  diluted  digest  was  applied  to  the  MALDI 
target.  The  control  sample  was  human  plasma  treated  in 
parallel  with  everything  except  dichlorvos.  Fig.  2  shows 
that  albumin  peptides  at  miz  1718  and  1831  stand  out, 
despite  the  presence  of  normal  plasma  components,  and 
that  the  OP-labeled  form  of  these  peptides  at  miz  1826  and 
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Fig.  1.  MALDI-TOF  analysis  of  human  albumin-OP  adducts.  (A)  Diges¬ 
tion  of  human  albumin  with  pepsin  at  pH  2.3  yields  two  peptides  contain¬ 
ing  Tyr411  whose  average  mass/charge  ratios  are  1718  and  1831  (singly 
protonated).  (B)  Incubation  of  human  albumin  with  dichlorvos  in  ammo¬ 
nium  bicarbonate  (pH  8.5),  followed  by  digestion  with  pepsin  (pH  2.3), 
yields  dimethoxyphosphate  adducts  of  miz  1826  and  1939.  (C)  Incubation 
with  chlorpyrifos  oxon  yields  diethoxyphosphate  adducts  of  mIz  1854  and 
1967.  (D)  Incubation  with  DFP  yields  diisopropoxyphosphate  adducts  of 
miz  1882  and  1995.  Samples  were  diluted  to  1  pmol/pl  before  plating  1  pi 
on  the  MALDI  target  with  2,5-dihydroxybenzoic  acid  matrix. 


1939  can  be  detected  by  MALDI-TOF.  We  conclude  that 
human  plasma  can  be  assayed  for  OP  bound  to  albumin. 
The  1826  and  1939  masses  are  108  amu  larger  than  their 
unlabeled  counterparts,  identifying  the  OP  as  a  dimethoxy 
OP  and  thus  classifying  it  as  a  pesticide  rather  than  as  a 
nerve  agent.  For  forensic  purposes,  it  is  valuable  to  know 
whether  the  OP  is  a  pesticide  or  a  nerve  agent. 

Detection  of  sarin  bound  to  albumin  in  human  plasma 

MALDI-TOF  analysis  of  peptic  digests  of  human 
plasma  labeled  by  reaction  with  600  pM  sarin  did  not  show 
the  sarin-labeled  peptides  after  simple  dilution.  We  sus¬ 
pected  that  the  absence  of  signal  was  due  to  ion  suppres¬ 


sion.  Therefore,  the  digests  were  fractionated  by  reverse- 
phase  chromatography  prior  to  mass  spectral  analysis,  as 
shown  in  Fig.  3.  Fractions  were  collected  at  1-min  intervals. 
Each  HPLC  fraction  was  analyzed  by  MALDI-TOF.  Pep¬ 
tides  of  interest  eluted  between  8  and  16  min.  The  unlabeled 
active  site  peptides  of  albumin,  of  masses  1718  and  1831, 
eluted  at  8  to  10  min.  The  sarin-labeled  peptides  of  masses 
1838  and  1951  eluted  at  14  to  16min  (Fig.  4,  fractions  14 
and  16).  The  peptides  of  interest  separated  from  a  large 
peak  of  UV  absorbing  material  in  the  HPLC.  Elimination 
of  this  material  would  be  expected  to  reduce  ion  suppres¬ 
sion,  thereby  accounting  for  the  appearance  of  the  sarin- 
labeled  peptide  signals  in  MALDI-TOF  analysis. 

Fig.  4  shows  the  MALDI-TOF  spectra  for  the  two  sarin- 
labeled  peptides  of  human  albumin  with  masses  of  1838 
and  1951.  These  masses  are  consistent  with  the  1718  and 
1831  albumin  peptides  to  which  120  amu  from  sarin  has 
been  added.  The  fact  that  the  sarin-peptide  complex  sur¬ 
vived  the  MALDI  conditions  indicates  that  sarin  has  made 
a  covalent  complex.  These  results  show  that  sarin  cova¬ 
lently  binds  to  human  albumin  on  Tyr411.  They  also  show 
that  binding  can  be  detected  in  plasma  and  that  the  sarin 
adduct  of  albumin  does  not  lose  an  alkoxy  group  during 
storage  for  3  days  at  room  temperature. 

Confirmation  of  DFP  binding  to  Tyr411  of  the  YTK  peptide 

DFP-labeled  human  albumin  was  digested  with  trypsin, 
and  the  digest  was  infused  into  the  Q-Trap  mass  spectrome¬ 
ter.  The  enhanced  mass  spectrum  showed  a  peak  at  miz 
575.4,  which  is  consistent  with  the  singly  charged  YTK  pep¬ 
tide  covalently  bound  to  DFP  ([M+H]"^^  =411  amu  for  the 
YTK  peptide  plus  164  amu  added  mass  from  DFP  [Table  1]). 
This  peptide  was  subjected  to  collision-induced  dissociation 
with  nitrogen  as  the  collision  gas.  The  resulting  enhanced 
product  ion  spectrum  yielded  amino  acid  sequence  infor¬ 
mation  consistent  with  the  sequence  YTK  where  DFP  is 
covalently  bound  to  tyrosine  (Fig.  5).  A  mass  was  found 
at  147.2  amu,  indicative  of  the  C-terminal  lysine  from  a 
y-series.  This  was  followed  by  masses  at  248.3,  for  the  Thr- 
Lys  dipeptide,  and  at  575.4,  for  the  Tyr*ThrLys  tripeptide, 
including  the  N  terminus,  from  a  y-series  (where  Tyr*  rep¬ 
resents  the  diisopropylphospho  adduct  of  tyrosine).  No  rel¬ 
evant  signals  were  found  at  higher  masses.  No  evidence  for 
the  diisopropylphospho  adduct  of  threonine  was  found. 

Furthermore,  convincing  evidence  for  covalent  binding 
of  DFP  to  Tyr411  comes  from  the  presence  of  six  masses, 
all  of  which  are  consistent  with  various  fragments  of  DFP 
attached  to  tyrosine  alone  or  in  conjunction  with  the  YTK 
peptide.  The  structures  of  these  six  ions  are  shown  in  Fig.  5. 
As  mentioned  earlier,  the  ion  at  575.4  amu  is  consistent 
with  the  singly  protonated  YTK  peptide  plus  the  added 
mass  from  covalent  attachment  of  DFP.  Neutral  loss  of  42 
amu  yields  the  533.4-amu  ion.  Loss  of  42  amu  is  predicted 
for  P-elimination  of  propylene  from  the  diisopropylphos- 
phate  adduct.  This  P-elimination-type  reaction,  also 
referred  to  as  a  McLafferty  rearrangement  [16,17],  is  a  facile 
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Fig.  2.  MALDI-TOF  analysis  of  OP-albumin  adducts  in  human  plasma.  The  top  panel  is  the  control  sample.  Human  plasma  digested  with  pepsin  shows 
the  Tyr41 1  containing  albumin  peptides  of  miz  1718  and  1831.  The  bottom  panel  shows  two  new  peaks  at  miz  1826  and  1939  in  dichlorvos-treated  human 
plasma,  representing  peptides  containing  dichlorvos  covalently  bound  to  Tyr41 1  of  albumin. 


Fig.  3.  HPLC  trace.  A  peptic  digest  of  human  plasma  (10  pi)  that  had  been 
treated  with  sarin  was  subjected  to  reverse-phase  chromatography.  Unla¬ 
beled  active  site  albumin  peptides  of  masses  1718  and  1831  separated  from 
sarin-labeled  albumin  peptides  of  masses  1838  and  1951  and  from  a  large 
peak  of  UV  absorbing  material.  The  marked  peaks  contain  a  mixture  of 
peptides;  therefore,  the  relative  UV  intensities  do  not  represent  the  relative 
amounts  of  labeled  and  unlabeled  albumin. 


reaction  commonly  seen  during  collision-induced  dissocia¬ 
tion  of  pliospliopeptides  [18].  A  second  neutral  loss  of  42 
amu  yields  the  491.3-amu  ion;  this  mass  is  consistent  with  a 
phosphorylated  YTK  peptide.  In  theory,  all  three  of  these 
masses  are  consistent  with  DFP  adducts  of  either  tyrosine 
or  threonine.  However,  the  mass  at  244.2  amu  is  character¬ 
istic  of  an  N-terminal  phosphotyrosine,  /^-series  aziridone 
ion,  and  the  226.2-amu  ion  is  consistent  with  its  dehydra¬ 
tion  product  [19].  In  addition,  the  mass  at  216.2  amu  is 
characteristic  of  a  phosphotyrosine  immonium  ion  [20]. 
Furthermore,  no  indication  of  phosphorylated  or  organ- 
ophosphorylated  threonine  was  found.  These  results  prove 
that  DFP  covalently  binds  to  Tyr41 1  of  human  albumin. 

No  evidence  for  any  form  of  the  dephosphorylated  YTK 
peptide  was  found.  This  probably  reflects  the  relative  diffi¬ 
culty  of  releasing  OP  from  tyrosine  compared  with  the  other 


100 


Control  fraction  14 


1600 


1800  1900 


8765.9 


fe°0 


B 


Sarin  fraction  14 


^  c 


1001 

60 

20 


Control  fraction  16 


3481.4 


2799.2 


1700 


1800 


1900 


2000 


2100 


2200 


Sarin  fraction  16 


^5939.5 


1700 


1800 


1900  2000 

Mass  (m/z) 


2100  2200 


Fig.  4.  MALDI-TOF  analysis  of  sarin  covalently  attached  to  human  albu¬ 
min.  (A  and  C)  Control  human  plasma  digested  with  pepsin  and  fraction¬ 
ated  by  HPLC  but  not  treated  with  sarin.  (B  and  D)  Human  plasma 
treated  with  sarin  before  digestion  with  pepsin  and  fractionation  by 
HPLC.  Fractions  were  collected  at  1-min  intervals.  Sarin-labeled  albumin 
peptides  of  1838  and  1951  amu  include  120  amu  from  sarin. 


fragmentation  pathways  available  to  the  diisopropylphos- 
pho-YTK  peptide.  Facile  dephosphorylation  of  phosphoty¬ 
rosine  via  a  P-elimination-type  mechanism  is  not  available 
because  tyrosine  does  not  afford  a  suitable  environment. 
P-Elimination  would  require  the  shift  of  a  proton  from  the 
P-carbon  of  the  leaving  group  to  the  phosphate  oxygen,  with 
concomitant  formation  of  a  double  bond  between  the  a-  and 
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Fig.  5.  Product  ion  spectrum  of  DFP-labeled  human  albumin  peptide  575.4.  DFP-labeled  albumin  was  digested  with  trypsin  and  infused  into  the  Q-Trap 
mass  spectrometer.  The  singly  charged  parent  ion  of  miz  575.4  has  the  sequence  YTK  and  has  the  diisopropylphosphate  group  covalently  bound  to  tyro¬ 
sine.  Fragment  masses  and  their  corresponding  structures  are  shown.  In  addition  to  information  on  the  DFP-YTK  peptide,  fragments  from  a  second 
albumin  peptide  (LVNEVTEFAK,  doubly  protonated)  can  be  extracted  from  the  fragmentation  information. 


P-carbons  of  the  leaving  group.  For  phosphotyrosine,  the 
P-proton  of  the  leaving  tyrosine  is  aromatic  and  therefore 
not  readily  released;  furthermore,  formation  of  the  double 
bond  requires  introduction  of  a  triple  bond  into  the  aro¬ 
matic  ring  of  tyrosine — another  difficult  operation. 
Although  phosphate  can  be  released  from  tyrosine  during 
collision-induced  dissociation,  it  seems  to  require  the  pres¬ 
ence  of  hydroxyl  moieties  on  the  phosphate.  Even  then,  the 
yield  of  dephosphorylation  is  poor  [17,21].  Thus,  it  would 
appear  that  elimination  of  propylene  from  the  diisopropoxy 
moieties  and  fragmentation  of  the  peptide  backbone  pro¬ 
vide  energetically  more  acceptable  routes  for  use  of  the  colli¬ 
sion  energy  than  does  dephosphorylation  of  the  tyrosine. 

The  spectrum  in  Fig.  5  contains  a  number  of  major 
peaks  that  were  not  used  in  the  analysis  of  the  DFP-YTK 
adduct.  Most  of  these  are  attributable  to  fragments  from  a 
second  albumin  peptide.  The  doubly  charged  form  of 
LVNEVTEFAK  appears  at  mIz  575.  The  peaks  at  218,  365, 
494,  and  595  amu  (plus  additional  peaks  at  the  higher 
masses  of  694,  823,  937,  and  1036  amu)  correspond  to  the 
complete  y-series  for  this  contaminating  peptide.  Peaks  at 
213,  327,  456,  and  555  amu  can  be  assigned  to  a  Z?-series 
from  this  same  peptide,  whereas  peaks  at  312,  343,  426,  and 
444  amu  reflect  internal  fragments.  The  large  peak  at  86 
amu  is  the  immonium  ion  of  Leu/Ile. 

The  presence  of  two  isopropyl  groups  in  parent  ion  575.4 
supports  the  conclusion  that  the  DFP-albumin  adduct 
does  not  age. 


The  unique  set  of  six  phosphorylated  fragment  ions  in 
Fig.  5  for  DFP-albumin  could  be  useful  for  identifying 
exposure  to  DFP  in  an  MS  method  that  selectively  searches 
for  characteristic  fragment  ions. 

Only  one  covalent  binding  site  for  OP 

Human  albumin  labeled  with  dichlorvos  or  DFP  and 
digested  with  pepsin  was  searched  for  additional  peptides 
that  might  bind  OP.  MALDI-TOF  and  Q-Trap  analysis 
revealed  no  other  OP  adducts.  The  only  identified  OP  bind¬ 
ing  site  was  Tyr41 1. 

Discussion 

Mechanism  of  OP  labeling  of  albumin 

Each  of  the  OP  toxicants  tested  in  this  work  labeled 
Tyr411  of  human  albumin.  The  stoichiometry  of  labeling 
has  been  shown  to  be  1  mol  ^H[DFP]  or  ^'^C[DFP]  incor¬ 
porated  per  mole  of  albumin  [3-5,12].  The  specific  label¬ 
ing  of  1  tyrosine  in  a  molecule  that  contains  18  tyrosines 
suggests  that  Tyr411  is  in  a  special  environment.  This 
tyrosine  has  an  unusually  low  pK^  of  7.9  to  8.3  [3,22],  in 
contrast  to  the  pKa  of  10  for  the  average  tyrosine. 

Tyr411  is  the  active  site  residue  not  only  for  reaction 
with  OP  but  also  for  reaction  with  esters  such  as  ;?-nitro- 
phenyl  acetate,  carbamates  such  as  carbaryl,  and  amides 
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such  as  o-nitroacetanilide  [3,23-25].  The  esterase  and 
amidase  activity  of  albumin  can  be  inhibited  by  pretreat¬ 
ment  with  DFP.  Conversely,  labeling  with  DFP  can  be 
prevented  by  pretreatment  with  ;?-nitrophenyl  acetate, 
which  forms  a  stable  acylated  albumin  adduct  [3].  The 
sensitivity  of  albumin  esterase  activity  to  ionic  strength 
led  Means  and  Wu  to  conclude  that  the  reactive  tyrosine 
residue  is  located  on  the  surface  of  albumin  in  an  apolar 
environment  adjacent  to  several  positively  charged 
groups  [3].  This  description  of  the  OP  binding  site  of 
albumin  was  proven  to  be  correct  when  the  crystal  struc¬ 
ture  was  solved  [26,27].  Subdomain  Ilia  of  albumin  con¬ 
tains  a  pocket  lined  by  hydrophobic  side  chains.  The 
hydroxyl  of  Tyr411  is  close  to  the  side  chains  of  Arg410 
and  Lys414. 

Site-directed  mutagenesis  experiments  have  shown  that 
albumin  esterase  activity  is  abolished  when  Tyr411  is 
mutated  to  Ala  and  is  severely  diminished  when  Arg410  is 
mutated  to  Ala  [28].  These  results  support  Tyr411  as  the 
active  site  for  albumin  esterase  activity  and  support  a  role 
for  Arg410  in  stabilizing  the  reactive  anionic  form  of 
Tyr411.  The  negatively  charged  Tyr411  is  available  for 
nucleophilic  attack  on  ester  and  amide  substrates. 
Although  crystal  structures  of  several  ligand  albumin  com¬ 
plexes  have  been  solved  [29],  the  crystal  structure  of  an  OP- 
albumin  adduct  is  not  yet  available. 

No  aging  of  OP-albumin  adducts 

Aging  of  OP-labeled  acetylcholinesterase  and  butyrylcho- 
linesterase  is  defined  as  the  loss  of  an  alkoxy  group  from  the 
OP-labeled  active  site  serine  [30,31].  The  nerve  agents  sarin, 
soman,  and  VX  yield  the  same  aged  OP  derivative,  so  that 
these  agents  may  be  difficult  to  distinguish  when  bound  to 
acetylcholinesterase  or  butyrylcholinesterase  [32,33]. 

Three  of  the  OP  agents  studied  in  this  work — sarin,  DFP, 
and  chlorpyrifos  oxon — are  known  to  age  when  bound  to 
acetylcholinesterase  and  butyrylcholinesterase.  However, 
these  OP  toxicants  did  not  age  when  bound  to  albumin. 
Aging  is  a  catalytic  process  that  requires  the  participation  of 
nearby  histidine  and  glutamic  acid  residues  [34].  Residues 
that  promote  aging  are  not  present  in  the  active  site  pocket  of 
albumin.  The  absence  of  aging  allows  the  bound  OP  to  be 
spontaneously  released  from  Tyr41 1.  This  makes  albumin  an 
OP  hydrolase,  albeit  a  very  slow  one.  Albumin  hydrolyzes 
chlorpyrifos  oxon,  0-hexyl  0-2,5-dichlorophenylphosph- 
oramidate,  and  paraoxon  [10-13].  We  recently  measured  the 
hydrolysis  of  soman  by  human  albumin  and  found  a  deacyl¬ 
ation  rate  of  0.0052  per  hour  (unpublished). 

The  observation  that  OP-albumin  adducts  do  not  age  is 
supported  by  the  findings  of  others  [8,9].  Using  liquid  chro¬ 
matography-mass  spectrometry  (LC-MS),  Black  and 
coworkers  found  0-(pinacolyl  methylphosphonyl)tyrosine  in 
human  plasma  as  well  as  in  albumin  samples  that  had  been 
treated  with  soman,  and  they  found  0-(isopropyl  methyl- 
phosphonyl)tyrosine  in  samples  treated  with  sarin  [8].  If 
aging  had  occurred,  the  products  would  have  been  (methyl- 


phosphonyl)tyrosine  for  both  soman  and  sarin.  Adams  and 
coworkers  used  gas  chromatography-mass  spectrometry 
(GC-MS)  to  measure  sarin  and  soman  recovered  from 
human  plasma  and  albumin  samples  [9].  The  plasma  and 
albumin  were  reacted  with  sarin  or  soman,  excess  agent  was 
removed  by  solid  phase  extraction,  and  the  samples  were 
treated  with  potassium  fluoride  to  release  the  bound  OP. 
Intact  sarin  and  soman  were  recovered,  demonstrating  that 
aging  had  not  occurred.  The  absence  of  aging  in  OP-albumin 
adducts  suggests  that  albumin  could  be  a  useful  biomarker  to 
distinguish  between  soman  and  sarin  exposure.  In  the  same 
manner,  OP-albumin  adducts  could  distinguish  between  pes¬ 
ticide  and  nerve  agent  exposure. 

Advantages  and  disadvantages  of  MALDI-TOF-MS 

The  MALDI-TOF-mass  spectrometer  is  an  easy  instru¬ 
ment  to  use.  Samples  need  to  be  free  of  salt,  and  the  concen¬ 
tration  of  peptide  needs  to  be  approximately  1  pmol/pl.  As 
little  as  0.5  jil  of  a  l-pmol/pl  solution  gives  a  good  signal. 
Results  are  acquired  in  seconds. 

The  disadvantage  of  MALDI  is  that  not  all  peptides 
ionize  when  the  sample  contains  a  mixture  of  peptides. 
For  example,  the  FP-biotin-labeled  bovine  albumin  YTR 
peptide  gave  an  intense  signal  at  1012  amu  (data  not 
shown).  In  contrast,  FP-biotin-labeled  human  albumin 
YTK  peptide  gave  no  signal.  In  both  experiments,  the 
sample  was  a  mixture  of  tryptic  peptides.  Ion  suppression 
is  a  common  problem  in  MS,  and  one  way  of  solving  the 
problem  is  to  separate  the  peptide  of  interest  from  other 
peptides  by  HPLC  before  examining  it  by  MALDI-TOF 
MS.  This  strategy  allowed  us  to  detect  sarin-labeled  albu¬ 
min  in  human  plasma.  Alternatively,  the  peptides  can  be 
separated  by  step  elution  from  a  Cl 8  ZipTip,  a  procedure 
that  was  successful  for  nerve  agent  adducts  of  acetylcho¬ 
linesterase  [35]. 

OP-albumin  as  a  biomarker  of  OP  exposure 

Many  proteins  in  human  plasma  are  labeled  by  OP. 
MS  assays  have  been  developed  for  OP-butyrylcholin- 
esterase  adducts  [36-38].  The  current  article  has  pro¬ 
vided  an  assay  for  OP-albumin  adducts.  Albumin  is  far 
less  reactive  with  OP  than  butyrylcholinesterase,  but  the 
10,000-fold  higher  concentration  of  albumin  in  plasma 
compared  with  butyrylcholinesterase  (40,000-50,000  vs. 
4-5  mg/ml)  means  that  both  albumin  and  butyrylcholin¬ 
esterase  will  be  labeled  when  a  person  is  exposed  to  OP. 
New  assays  that  use  precursor  and  fragment  ion  miz  val¬ 
ues  in  selected  reaction  monitoring  experiments  are 
expected  to  be  capable  of  diagnosing  low-dose  exposure 
[38]. 

Antibody  to  OP-albumin 

The  information  presented  in  this  article  could  have 
application  to  the  monitoring  of  individuals  exposed  to 
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OP.  It  may  be  possible  to  detect  exposure  through  the  use 
of  an  antibody  detection  assay  directed  toward  the  OP- 
albumin  adduct  at  Tyr411.  There  is  precedent  for  the  gen¬ 
eration  of  antibodies  to  very  small  haptens  bound  to  pro¬ 
tein.  For  example,  antibodies  that  distinguish  among 
phosphotyrosine,  phosphoserine,  and  phosphothreonine 
have  been  successfully  produced  [39,40].  Antibodies  to 
soman,  sarin,  and  VX  bound  to  carrier  proteins  through  a 
chemical  linker  have  been  produced  [41-43].  The  pro¬ 
posed  OP-albumin  epitope  could  be  more  useful  for 
detection  of  OP  exposure  than  existing  antibodies  because 
the  OP-albumin  adduct  has  no  chemical  linker  and  no 
foreign  protein  environment. 

An  OP-albumin  adduct  at  Tyr411  may  generate  an 
antibody  response  in  exposed  individuals,  and  the  anti¬ 
body  could  be  detected  to  determine  a  history  of  exposure 
to  OP.  This  would  facilitate  monitoring  exposure  to  OP 
long  after  the  exposure  incident  and  long  after  the  antigen 
has  disappeared. 
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Carbofuran  poisoning  detected  by  mass 
spectrometry  of  butyrylcholinesterase  adduct 
in  human  serum 
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ABSTRACT:  Carbofuran  is  a  pesticide  whose  acute  toxicity  is  due  to  inhibition  of  acetylcholinesterase.  Butyrylcholinesterase 
(BChE)  in  plasma  is  inhibited  by  carbofuran  and  serves  as  a  biomarker  of  poisoning  by  carbofuran.  The  goal  was  to  develop  a 
method  to  positively  identify  poisoning  by  carbofuran.  Sera  from  an  attempted  murder  and  an  attempted  suicide  were  ana¬ 
lyzed  for  the  presence  of  carbofuran  adducts  on  BChE.  The  BChE  from  1  ml  of  serum  was  rapidly  purified  on  a  0.2  ml  procaina- 
mide-Sepharose  column.  Speed  was  essential  because  the  carbofuran-BChE  adduct  decarbamylates  with  a  half-life  of  about 
2  h.  The  partially  purified  BChE  was  boiled  to  denature  the  protein,  thus  stopping  decarbamylation  and  making  the  protein 
vulnerable  to  digestion  with  trypsin.  The  labeled  peptide  was  partially  purified  by  HPLC  before  analysis  by  LC/MS/MS  in  the 
multiple  reaction  monitoring  mode  on  the  QTRAP  2000  mass  spectrometer.  Carbofuran  was  found  to  be  covalently  bound  to 
Ser  198  of  human  BChE  in  serum  samples  from  two  poisoning  cases.  Multiple  reaction  monitoring  triggered  MS/MS  spectra 
positively  identified  the  carbofuran-BChE  adduct.  In  conclusion  a  mass  spectrometry  method  to  identify  carbofuran  poison¬ 
ing  in  humans  has  been  developed.  The  method  uses  1  ml  of  serum  and  detects  low-level  exposure  associated  with  as  little  as 
20%  inhibition  of  plasma  butyrylcholinesterase.  Copyright  ©  2008  John  Wiley  &  Sons,  Ltd. 
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Introduction 

Carbofuran  (Fig.  1)  is  a  carbamate  pesticide  used  to  control  bee¬ 
tles,  nematodes  and  rootworm  in  fields  of  alfalfa,  rice,  grapes 
and  sugar  beet  (Gupta,  1994).  The  acute  toxicity  of  carbofuran 
for  both  insects  and  mammals  is  due  to  inhibition  of  acetylcho¬ 
linesterase.  In  people,  activity  assays  of  red  blood  cell  acetylcho¬ 
linesterase  and  serum  butyrylcholinesterase  (BChE)  can  verify 
that  poisoning  has  occurred  but  cannot  identify  the  type  of 
poison.  Gas-chromatography  followed  by  mass  spectrometry 
has  been  used  to  detect  carbofuran  metabolites  in  plasma  and 
urine  (Barr  et  al.,  2002;  Petropoulou  et  al.,  2006a,  2006b).  How¬ 
ever,  intact  carbofuran  has  been  difficult  to  find  because  it  is 
rapidly  degraded  in  plasma  and  liver.  The  presence  of  carbo¬ 
furan  metabolites  in  plasma  and  urine  could  mean  that  a  person 
ingested  or  inhaled  the  metabolites  rather  than  the  parent  com¬ 
pound.  An  alternative  strategy  to  obtain  proof  of  exposure  takes 
advantage  of  the  fact  that  carbofuran  makes  a  covalent  bond 


with  the  active  site  serine  of  butyrylcholinesterase  (Fig.  2). 
Metabolites  do  not  make  this  covalent  bond.  Therefore,  identifi¬ 
cation  of  the  methylcarbamate-butyrylcholinesterase  adduct  in 
a  person's  serum  provides  conclusive  proof  that  the  individual 
has  been  exposed  to  a  carbamate. 

This  is  the  first  report  to  describe  a  mass  spectrometry 
method  for  detection  of  the  methylcarbamate-BChE  adduct. 
The  method  extends  previous  work  on  detection  of  organo- 
phosphorus-BChE  adducts  in  human  plasma  (Fidder  etal.,  2002). 

Carbamates  are  used  to  slow  the  progression  of  Alzheimer's 
disease  (Weinstock  and  Groner,  2008).  Toxicity  from  these  drugs 
could  be  monitored  by  the  mass  spectrometry  method  described 
in  this  report. 


*  Correspondence  to:  O.  Lockridge,  986805  Nebraska  Medical  Center,  Omaha, 
NE  68198-6805,  USA.  E-mail:  olockrid(S)unmc.edu 
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Figure  1 .  Structure  of  carbofuran. 
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Figure  2.  Covalent  binding  of  carbofuran  to  BChE.  The  active  site  serine  198  of  human  BChE  makes  a  covalent  bond  with  the  carbamate  group  of 
carbofuran,  releasing  the  hydroxybenzofuran  ring  structure.  The  mass  added  to  BChE  by  the  carbamate  is  57.05  amu. 


Methods 

Materials 

Human  BChE  was  purified  from  70  I  of  outdated  human  plasma  by 
ion  exchange  chromatography  at  pH  4.0,  followed  by  procainamide 
affinity  chromatography,  and  ion  exchange  chromatography  at 
pH  7.4  (Lockridge  et  al.,  2005).  The  574  amino  acid  sequence  of 
the  secreted  human  BChE  protein  plus  the  28  amino  acid  signal 
peptide  sequence  for  a  total  of  602  amino  acids  are  in  file  acces¬ 
sion  no.  gi:  116353.  Carbofuran  (2,3-dihydro-2,2-dimethyl-7- 
benzofuranol  A/-methyl  carbamate)  was  from  Aldrich  (no.  426008). 
Carbofuran  was  dissolved  in  dimethylsulfoxide  just  before  use. 
Sequencing  grade  modified  trypsin  (Promega  V5113)  at  a  con¬ 
centration  of  20  pg  in  50  pi  of  50  mivi  acetic  acid  was  stored  at 
-80  °C. 

Pure  Human  BChE  Labeled  with  Carbofuran  for  Mass 
Spectrometry 

An  aliquot  of  87  pi  of  1  mg/ml  BChE  (1  nmole)  in  10  mivi  ammonium 
bicarbonate  was  treated  with  5  pi  of  freshly  prepared  0.4  mivi 
carbofuran  (2  nmol)  for  30  min  at  room  temperature.  BChE  activity 
fell  from  720  to  1 22  u/ml,  indicating  83%  inhibition.  A  BChE  con¬ 
trol  sample  was  prepared  in  the  same  way  except  that  exposure 
to  carbofuran  was  omitted.  Both  the  carbofuran-treated  and  the 
control  BChE  samples  were  boiled  for  10  min  in  a  water  bath  to 
denature  the  protein  in  preparation  for  digestion  with  5  pi  of 
0.4  pg/pl  trypsin.  Digestion  was  at  37  °C  for  22  h.  The  active  site 
peptide  was  purified  using  a  Phenomenex  Prodigy,  5  pm,  ODS(2) 
Ct8  column  (100  x  4.60  mm)  on  a  Waters  HPLC  system.  Peptides 
were  eluted  with  a  60  min  gradient  starting  at  0.1%  trifluoroace- 
tic  acid,  and  ending  at  60%  acetonitrile-40%  0.1  %  trifluoroacetic 
acid,  at  a  flow  rate  of  1  ml/min.  A  0.5  pi  aliquot  from  each  1  ml 
fraction  was  analyzed  by  MALDI-TOF  mass  spectrometry  to 
identify  samples  containing  the  active  site  peptide.  HPLC  frac¬ 
tions  were  dried  in  a  vacuum  centrifuge  and  redissolved  in 
100  pi  of  50%  acetonitrile,  0.1%  formic  acid  in  preparation 
for  infusion  into  the  QTRAP  4000  tandem  quadrupole  mass 
spectrometer,  or  in  100  pi  of  5%  acetonitrile,  0.1%  formic  acid 
for  LC/MS/MS  on  the  QTRAP  2000  tandem  quadrupole  mass 
spectrometer. 

BChE  Activity 

BChE  activity  was  assayed  with  1  mivi  butyrylthiocholine  iodide 
in  0.1  M  potassium  phosphate  pH  7.0  in  the  presence  of  0.5  mivi 
dithiobisnitrobenzoic  acid,  at  25  °C  by  measuring  the  increase 
in  absorbance  at  412  nm.  The  slope  per  min  was  converted 
to  pmoles  per  min  using  the  extinction  coefficient  E  = 
1 3  600  cm“^  (Ellman  et  al.,  1961). 


Serum 

Serum  samples  (no  anticoagulant)  from  an  attempted  murder 
and  an  attempted  suicide  were  obtained  from  Professor  Ivan 
Ricordel,  Paris  Police.  Samples  were  shipped  to  Nebraska  on  dry 
ice  and  stored  at  -80  °C. 

The  attempted  murder  victim  was  a  63-year-old  man  who  had 
been  repeatedly  poisoned.  He  was  admitted  to  the  Intensive 
Care  Unit  for  respiratory  failure  requiring  mechanical  ventila¬ 
tion.  Clinical  examination  revealed  myosis,  hypersialorrhea  and 
some  paralysis.  Plasma  cholinesterase  activity  measured  6  and 
17  h  after  admission  was  2.5  and  4.8  U/ml  (normal:  7-9  U/ml). 
Clinical  symptoms  improved  rapidly,  allowing  extubation  by 
12  h.  The  rapid  recovery  was  consistent  with  poisoning  by  a 
carbamate  rather  than  an  organophosphorus  agent.  Hair  analysis 
revealed  the  presence  of  carbofuran  and  its  main  metabolite, 
3-hydroxycarbofuran  (Dulaurent  etal,  2008). 

The  suicidal  female  patient  had  ingested  20  mg  of  carbofuran 
(Curater  5%)  and  alcohol.  Diagnosis  of  the  nature  of  the  toxicant 
was  based  on  interview  of  the  patient  and  the  pesticide  bottle 
brought  to  the  hospital.  The  patient  had  abdominal  pain,  but  no 
other  cholinergic  symptoms  of  toxicity.  Her  alcohol  level  was 
1.37  g/l.  She  was  treated  with  atropine  to  block  muscarinic 
receptors,  and  with  rivotril  for  anxiety.  The  interval  between 
exposure  and  blood  sampling  was  7  h.  After  centrifugation  to 
remove  coagulated  blood,  the  serum  was  frozen  at  -30  °C  until 
it  was  shipped  on  dry  ice. 

Purification  of  BChE  from  1  ml  Serum 

Human  serum  contains  about  0.05  nmol  of  BChE  in  1  ml.  This 
amount  was  expected  to  be  detectable  in  the  mass  spectrome¬ 
ter,  based  on  studies  with  highly  purified  BChE.  BChE  from  1  ml 
serum  was  purified  by  passage  over  0.2  ml  of  procainamide 
affinity  gel  packed  in  a  1.5  ml  microfuge  spin  column.  The  affinity 
gel  had  been  custom  synthesized  by  Dr  Yacov  Ashani  (Grunwald 
eta\.,  1997)  and  had  a  specific  activity  of  34  jumol  procainamide 
bound  per  ml  Sepharose.  The  gel  was  equilibrated  with  2  ml 
of  20  mM  potassium  phosphate  pH  7.0  buffer.  One  milliliter  of 
serum  was  loaded  on  the  column  by  gravity  flow  at  a  rate  of  1  ml 
in  10  min.  Centrifugation  was  not  used  for  this  step  because 
binding  was  more  complete  when  loading  was  slow.  The  column 
was  washed  four  times  with  1  ml  of  0.2  m  NaCI  in  20  mivi  potas¬ 
sium  phosphate  pH  7.0  buffer.  The  wash  time  was  reduced  to 
less  than  0.5  min  per  ml  by  briefly  centrifuging  the  spin  column. 
The  column  was  eluted  three  times  with  0.5  ml  of  1  m  sodium 
chloride  in  20  mivi  potassium  phosphate  pH  7.0  buffer  to  remove 
the  BChE.  The  total  time  elapsed  from  thawing  the  plasma  to 
elution  was  15  min.  Speed  was  critical  because  the  carbamate  is 
easily  released  from  intact  BChE.  A  10  |liI  aliquot  of  each  fraction 
was  saved  for  nondenaturing  gel  electrophoresis. 
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Trypsin  Digestion  and  HPLC  Purification  of  the  Carbofuran- 
BChE  Peptide 

The  0.5  ml  BChE  fraction  in  1  m  NaCI  containing  the  majority  of 
the  BChE  was  immediately  boiled  for  10  min  to  denature  the 
protein,  and  thus  prevent  decarbamylation  of  the  active  site 
serine.  A  second  reason  for  boiling  the  BChE  was  to  unfold  the 
protein  to  allow  trypsin  access  to  cleavage  sites  that  otherwise 
are  blocked  by  the  sugar-coated  surface  of  the  BChE  molecule. 
There  was  no  need  to  reduce  and  alkylate  disulfide  bonds.  The 
BChE  was  digested  with  20  pi  of  0.4  pg/pl  trypsin  for  18  h  at 
37  °C.  The  active  site  peptide  was  partially  purified  on  a  Waters 
HPLC  as  described  above.  The  sample  that  eluted  between  34 
and  35%  acetonitrile  was  analyzed  in  the  QTRAP  4000  and 
QTRAP  2000  mass  spectrometers. 

Nondenaturing  Gel  Electrophoresis 

A  4-30%  polyacrylamide  gradient  gel  was  prepared  in  a  Hoefer 
gel  apparatus  (Hoefer  became  Pharmacia  then  Amersham  and  is 
now  GE  Healthcare).  Electrophoresis  was  for  5000  V  h  (250  V,  20  h) 
at  4  °C.  Bromophenol  Blue  eluted  off  the  gel  long  before  electro¬ 
phoresis  was  stopped.  The  gel  was  stained  for  BChE  activity  with 
butyrylthiocholine  by  the  method  of  Karnovsky  and  Roots,  and 
counterstained  with  Coomassie  blue  (Karnovsky  and  Roots,  1964). 

Infusion  into  the  QTRAP  4000  Mass  Spectrometer 

HPLC  fractions  containing  the  partially  purified  carbofuran-labeled 
BChE  peptide  were  infused  into  the  QTRAP  4000  hybrid,  quadru- 
pole,  linear  ion-trap  mass  spectrometer  (Applied  Biosystems, 
Foster  City,  CA,  USA)  at  a  flow  rate  of  0.3  pl/min  through  an  8  pm 
emitter  (no.  FS360-50-8-D,  New  Objective)  via  a  25  pi  Hamilton 
syringe  mounted  on  a  Harvard  syringe  pump.  An  ion  spray 
potential  of  1 900  V  was  maintained  between  the  emitter  and  the 
mass  spectrometer.  Selected  masses  were  fragmented  by  collision 
induced  dissociation  in  a  collision  cell  pressurized  to  40  pTorr  with 
pure  nitrogen,  using  a  collision  energy  of  40  eV.  The  mass  spec¬ 
trometer  was  calibrated  on  selected  fragments  from  the  MS/MS 
spectrum  of  Glu  Fibrinopeptide  B.  500  MS/MS  scans  were  summed 
to  produce  the  final  spectrum.  The  sequence  of  the  peptide  was 
determined  by  manual  inspection  of  the  fragmentation  spectra. 

Multiple  Reaction  Monitoring  on  the  QTRAP  2000  Mass 
Spectrometer 

Ten  microliters  of  HPLC-purified,  tryptic  peptides  were  injected 
onto  a  nanocolumn  (no.  218MS3.07515  Vydac  polymeric 
rev-phase,  75  pm  i.d.  x  150  mm  long;  RJ.  Cobert  Assoc,  St  Louis, 
MO,  USA)  for  a  second  phase  of  HPLC  separation.  Peptides  were 
separated  with  a  90  min  linear  gradient  from  0  to  60%  aceto¬ 
nitrile  at  a  flow  rate  of  0.3  pl/min  and  electrosprayed  through 
a  fused  silica  emitter  (360  pm  o.d.,  75  pm  i.d.,  15  pm  taper.  New 
Objective)  directly  into  the  QTRAP  2000,  a  hybrid  quadrupole 
linear  ion  trap  mass  spectrometer  (Applied  Biosystems,  Foster 
City,  CA,  USA).  An  ion-spray  voltage  of  1900  V  was  maintained 
between  the  emitter  and  the  mass  spectrometer.  The  collision 
cell  was  pressurized  to  40  pTorr  with  pure  nitrogen  and  collision 
energies  between  20  and  40  eV  were  used.  The  collision  energy 
for  a  given  peptide  was  determined  automatically  by  the  Analyst 
software,  based  on  the  mass  and  charge  of  the  precursor  ion. 
The  mass  spectrometer  was  calibrated  on  selected  fragments 


from  the  MS/MS  spectrum  of  Glu-Fibrinopeptide  B.  The  MS/MS 
data  were  collected  and  processed  using  Analyst  1.4.1  software 
(Applied  Biosystems). 

The  QTRAP  2000  was  operated  in  MRM  mode.  MRM  transition 
ions  were  selected  based  on  the  fragmentation  pattern  of  the 
carbofuran-labeled  BChE  active  site  peptide  determined  from 
the  infusion  experiments.  The  Q1  mass  was  set  to  747.6  m/z  for 
the  quadruply-charged  parent  ion  SVTLFGES^AGAASVSLHLL- 
SPGSHSLFTR,  where  the  labeled  Seri  98  is  indicated  by  an  asterisk. 
The  Q3  masses  were  set  to  1 001 .5  amu  for  the  singly-charged  y9 
ion,  and  to  1 201 .6  amu  for  the  singly-charged  y1 1  ion.  The  BChE 
peptide  AILQSGSFNAPWAVTSLYEAR  co-purified  with  the  active 
site  peptide.  It  was  included  in  the  MRM  search  as  a  positive 
control.  The  Q1  mass  for  that  peptide  was  set  to  761.5  m/z  for 
the  triply-charged  parent  ion.  The  Q3  masses  were  set  to  839.4 
amu  for  the  singly-charged  y7  ion,  and  to  1009.5  amu  for  the 
singly-charged  y9  ion.  The  reference  peptide  served  as  assur¬ 
ance  that  the  MRM  method  was  working. 

MALDI-TOF-TOF  4800  Mass  Spectrometer  (Applied 
Biosystems,  Foster  City,  CA,  USA) 

Essentially  salt-free  0.5  pi  samples  from  the  offline  HPLC  fractions 
were  spotted  on  a  MALDI  target  plate,  air  dried  and  overlaid 
with  0.5  pi  of  10  mg/ml  cr-cyano-4-hydroxycinnamic  acid  in  50% 
acetonitrile,  0.1%  trifluoroacetic  acid.  MS  spectra  were  acquired 
with  laser  power  at  3000  V  in  positive  reflector  mode.  The  mass 
spectrometer  was  calibrated  against  des-Arg-Bradykinin,  Angio¬ 
tensin  1,  Glu  Fibrinopeptide  B  and  neurotensin  (Cal  Mix  1,  Applied 
Biosystems).  Each  spectrum  was  the  average  of  500  laser  shots. 

Decarbamylation  Rate  of  Carbofuran-labeled  BChE 

Highly  purified  human  BChE  with  an  activity  of  540  u/ml 
(0.75  mg/ml)  was  dissolved  in  phosphate  buffered  saline  pH  7.4. 
A  560  pi  aliquot  (4.94  nmol)  was  treated  with  1  pi  of  lOmivi 
carbofuran  (10  nmol)  for  1  h  at  25  °C,  at  which  time  88%  of  the 
BChE  was  inhibited.  A  5  pi  aliquot  was  diluted  into  500  pi  of 
phosphate  buffered  saline  to  make  the  solution  used  for  meas¬ 
uring  the  rate  of  decarbamylation.  Seven  replicate  dilutions 
were  prepared  in  seven  tubes.  At  various  times  after  dilution, 
20  pi  was  removed  for  assay  of  BChE  activity. 

Results 

Pure  BChE  Labeled  with  Carbofuran 

HPLC  fractions  were  analyzed  by  MALDI-TOF  to  identify  the  elution 
positions  of  the  2985.5  amu  carbofuran-BChE  peptide  and  the 
2928.5  amu  unlabeled  active  site  peptide.  The  methylcarbamyl- 
labeled  as  well  as  the  unlabeled  active  site  tryptic  peptides 
started  to  elute  at  34%  acetonitrile  and  continued  to  elute  with 
lower  intensity  to  42%  acetonitrile.  The  highest  concentration 
was  in  the  34-35%  acetonitrile  fraction. 

The  34-35%  fraction,  containing  the  partially  purified,  methyl- 
carbamyl-labeled  peptide  was  infused  into  the  QTRAP  4000  mass 
spectrometer  where  collision-induced  dissociation  of  the  triply- 
charged  parent  ion  at  996.4  m/z  yielded  the  MS/MS  spectrum  in 
Fig.  3.  The  b-  and  y-ion  masses  in  Fig.  3  are  consistent  with  the 
sequence  SVTLFGES^AGAASVSLHLLSPGSHSLFTR  where  S*  has 
an  added  mass  of  57  due  to  covalent  binding  of  carbamate. 
Masses  for  the  doubly-charged  ions  from  y22^^  to  y27^^  are 
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Figure  3.  MS/MS  spectrunn  of  the  carbofuran  (nnethylcarbannyl-)-labeled  tryptic  peptide  fronn  pure  hunnan  BChE  (accession  no.  gi:1 16353). 
The  doubly-charged  y22^^  to  y27^^  ions  carry  the  carbamate  on  Ser  1 98.  This  increases  their  mass  by  57  amu  compared  with  the  unlabeled  ions.  The 
spectrum  was  obtained  on  the  QTRAP  4000  mass  spectrometer  by  infusing  purified  peptide. 


consistent  with  the  presence  of  carbamate  on  Ser  198.  Carbamate 
increases  each  of  their  masses  by  57  amu  compared  to  the  un¬ 
labeled  ions.  The  y22+'  ion  (S^AGAASVSLHLLSPGSHSLFTR)  is 
144  amu  heavier  than  the  y2r2  ion  (AGAASVSLHLLSPGSHSLFTR), 
a  mass  that  exactly  fits  Ser  (87  amu)  plus  carbamate  (57  amu). 

No  ions  for  dehydrated  serine  were  found.  Unlike 
organophosphorus-modified  serine  (Fidder  etal.,  2002;  Tsuge 
and  Seto,  2006;  Sun  and  Lynn,  2007)  and  pyridostigmine 
(dimethylcarbamyl)-modified  serine  (Fidder  etal.,  2002),  carbofuran 
(methylcarbamyl)-modified  serine  did  not  undergo  beta-elimination 
during  fragmentation  when  the  collision  energy  was  40  V  in  the 
QTRAP  mass  spectrometer.  Beta-elimination  would  have  yielded 
ions  that  were  missing  the  carbamate  as  well  as  water  for  a  total 
loss  of  75  amu. 

Rate  of  Decarbamylation  of  Carbofuran  (Methylcarbamyl-)- 
labeled  Pure  BChE 

The  half-life  for  decarbamylation  of  the  carbofuran-BChE  adduct 
was  measured  by  regain  of  BChE  activity  as  a  function  of  time, 
during  incubation  at  pH  7.4,  25  °C.  Figure  4  shows  that  the  half- 
life  was  142  +  8  min,  which  corresponds  to  a  first-order  rate  con¬ 
stant  of /c  =  0.004  88  min“L  A  half-life  of  about  2  h  for  reactivation 
of  the  adduct  means  that  a  BChE  purification  method  would 
have  to  be  rapid  if  any  of  the  labeled,  active  site  peptide  were  to 
be  recovered. 

Residual  BChE  Activity  in  the  Serum  from  Victims  of 
Carbofuran  Poisoning 

The  serum  from  the  attempted  murder  victim  had  a  BChE  activity 
of  0.5  u/ml,  while  serum  from  the  attempted  suicide  had  an  activ¬ 
ity  of  2.3  u/ml.  The  average  BChE  activity  in  unexposed  serum  is 
about  3.0  u/ml,  indicating  that  BChE  from  the  murder  victim  was 
83%  inhibited,  while  BChE  from  the  suicide  attempt  was  23% 
inhibited. 


Time,  min 


Figure  4.  Decarbamylation  rate  of  carbofuran  (methylcarbamylated)- 
BChE.  BChE  activity  was  88%  inhibited  at  time  zero,  but  became  less 
inhibited  with  time  as  carbofuran  was  released  from  the  active  site  Ser 
198.  The  points  are  the  data,  while  the  line  is  a  linear  regression.  The 
equation  describes  the  regression  line  and  indicates  the  standard 
error.  The  experiment  was  repeated  seven  times. 


Purification  of  BChE  from  1  ml  Serum 

Fifty-seven  percent  of  the  starting  BChE  activity  was  recovered 
when  the  procainamide  affinity  column  was  eluted  with  the  first 
0.5  ml  of  1  M  sodium  chloride.  An  additional  20%  was  recovered 
with  the  subsequent  1  ml  of  1  m  sodium  chloride.  Only  13%  of 
the  activity  was  lost  during  washing  with  0.2  m  NaCI  (Table  1). 
The  BChE  in  the  first  eluate  was  purified  about  60-fold,  for  the 
example  shown  in  Table  1.  With  other  samples  this  purification 
method  has  yielded  up  to  600-fold  purified  BChE. 

The  nondenaturing  gel  stained  for  BChE  activity  in  Fig.  5(A) 
shows  that  the  majority  of  BChE  in  human  serum  is  a  tetramer 
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Table  1 .  Fifteen-minute  purification  of  carbofuran-BChE  from  1  ml  of  serum,  on  a  0.2  ml  procainamide-Sepharose  column 


Sample 

Composition 

Volume,  ml 

Units/ml 

Total  units 

A280 

Units/mg 

Serum 

Serum 

1 

2.32 

2.32 

55.7 

0.075 

Flow-thru 

Loading 

1 

0.071 

0.071 

39.46 

0.003 

Wash 

0.2  M  NaCI 

1 

0.205 

0.205 

14.22 

0.026 

Wash 

0.2  M  NaCI 

1 

0.059 

0.059 

1.492 

0.071 

Wash 

0.2  M  NaCI 

1 

0.024 

0.024 

0.243 

0.178 

Wash 

0.2  M  NaCI 

1 

0.022 

0.022 

0.196 

0.202 

Elute 

1  M  NaCI 

0.5 

2.61 

1.30 

1.060 

4.41 

Elute 

1  M  NaCI 

0.5 

0.98 

0.49 

0.372 

4.74 

Elute 

1  M  NaCI 

0.5 

0.073 

0.037 

0.120 

1.11 

Sodium  chloride  solutions  are  in  20  mivi  potassium  phosphate,  pH  7, 1  mivi  EDTA,  0.01%  sodium  azide. 


Figure  5.  Nondenaturing  gel  stained  for  BChE  activity  (A)  and  counterstained  with  Coonnassie  blue  (B).  Aliquots  of  1 0  |liI  of  serunn  and  fractions  fronn 
the  affinity  colunnn  purification  of  BChE  were  loaded  into  each  lane  of  a  4-30%  polyacrylannide,  gradient  gel.  Lane  1,  serunn;  lane  2,  flow-thru;  lane  3, 
first  wash,  with  1  nnl  of  0.2  m  sodiunn  chloride;  lane  4,  second  wash;  lane  5,  third  wash;  lane  6,  fourth  wash;  lane  7,  blank;  lane  8,  first  eluate,  with  0.5  nnl 
of  1  M  sodiunn  chloride;  lane  9,  second  eluate;  lane  1 0,  third  eluate. 


(lane  1).  Two  bands  of  activity  appear  in  the  dimer  region.  The 
faster  migrating  dimer  is  composed  of  one  BChE  subunit  linked 
to  one  albumin  molecule  through  a  disulfide  bond  (Masson, 
1989).  The  BChE-albumin  dimer  eluted  during  the  wash  with 
0.2  M  NaCI  (lane  3)  and  was  not  recovered  with  the  partially- 
purified  BChE  shown  in  lane  8.  Bromophenol  blue  binds  to 
human  albumin  and  is  visible  as  a  rapidly  migrating  band  in  lane 
1  of  panel  A.  The  same  gel  was  counterstained  with  Coomassie 
blue  in  Fig.  5(B).  The  most  intense  Coomassie-staining  band  is 
for  albumin.  The  affinity  gel  did  not  bind  albumin  as  can  be  seen 
by  the  albumin  bands  in  lanes  2,  3  and  4.  No  Coomassie  blue 
stained  bands  are  present  in  lanes  8-10  of  Fig.  5(B).  The  bands 
that  appear  in  the  figure  are  the  brownish  red  bands  of  copper 
ferrocyanide  precipitate  formed  during  the  activity  staining 
reaction. 

Though  the  BChE  appears  to  be  relatively  pure  in  Fig.  5(B),  it 
still  is  contaminated  with  many  proteins.  These  contaminating 
proteins  generate  peptides  during  tryptic  digestion  that  inter¬ 
fere  with  ionization  of  the  BChE  active  site  peptide  in  the  mass 
spectrometer.  Therefore  the  tryptic  digest  of  the  BChE  eluate 
was  further  purified  offline  using  a  Waters  HPLC  system.  The 
2985.5  amu  peak  for  the  carbofuran-labeled  active  site  peptide 
of  BChE  was  barely  detectable  by  MALDI-TOF  analysis  of  the 
HPLC  fractions;  however  from  the  control  experiments  we  knew 


that  this  peptide  would  elute  in  the  34-35%  acetonitrile  fraction. 
Therefore  this  fraction  was  collected  and  analyzed  by  tandem, 
quadrupole  mass  spectrometry. 

Tandem  Quadrupole  Ion  Trap  Mass  Spectrometry 

The  purified  carbofuran  (methylcarbamyl)-BChE  peptide  that  had 
been  isolated  from  1  ml  of  serum  was  infused  into  the  QTRAP 
4000  mass  spectrometer.  MS/MS  spectra  for  the  quadruply- 
charged  parent  ion  at  747.1  and  the  triply-charged  parent  ion  at 
995.8  had  20-30  singly-,  doubly-,  and  triply-charged  ions  that 
fit  the  carbofuran  (methylcarbamyl)-BChE  peptide  sequence. 
Both  the  attempted  murder  and  suicide  samples  gave  spectra 
consistent  with  the  carbofuran  (methylcarbamyl)-BChE  peptide. 
The  signal-to-noise  ratio  ranged  from  2  to  10,  and  peak  intensi¬ 
ties  were  about  1 00-fold  lower  than  for  pure  BChE. 

Multiple  Reaction  Monitoring 

The  carbofuran  (methylcarbamyl)-labeled  peptide  from  the 
murder  and  suicide  victims  was  also  characterized  by  a  multiple 
reaction  monitoring  (MRM)  strategy.  The  mass  spectrometer  was 
instructed  to  ignore  all  masses  except  for  the  quadruply-charged 
parent  ion  at  747.6  m/z  and  two  singly-charged  daughter  ions  at 
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Figure  6.  MRM-triggered  MS/MS  scan  of  carbofuran  (methylcarbamyl)-labeled  BChE  peptide  from  1  ml  of  serum  taken  from  the  attempted  murder 
victim.  (A)  MRM  transitions  for  the  quadruply-charged  parent  ion  at  747.6  m/z  and  singly-charged  daughter  ions  at  1 001  .Sand  1 201 .5  amu.  (B)  The 
MS/MS  spectrum  of  the  747.6  m/z  parent  ion  was  triggered  by  the  MRM  scan.  The  MS/MS  scan  confirms  that  the  parent  ion  is  the  carbofuran-labeled 
active  site  peptide  of  human  BChE. 


1001.5  and  1201.6  amu.  These  masses  are  referred  to  as  the  Q1 
and  Q3  transitions  [Fig.  6(A)].  When  the  mass  spectrometer  iden¬ 
tified  a  peptide  with  these  transitions,  it  automatically  acquired 
an  MS/MS  spectrum  for  that  parent  ion  [Fig.  6(B)]. 

The  MRM-triggered  MS/MS  scan  in  Fig.  6(B)  has  an  intensity 
that  is  4  orders  of  magnitude  lower  than  the  MS/MS  scan  in  Fig.  3, 
and  it  has  fewer  ions.  Nevertheless,  the  ions  in  the  MRM-triggered 
scan  have  the  masses  expected  for  fragments  from  the  carbofu- 
ran(methylcarbamyl)-labeled  peptide  SVTLFGES*AGAASVSLHLL- 
SPGSHSLFTR.  Comparison  of  the  MS/MS  spectrum  in  Fig.  6(B) 
with  that  in  Fig.  3  revealed  16  ions  characteristic  of  the  carbo¬ 
furan  (methylcarbamyl)-labeled  BChE  active  site  tryptic  peptide. 
The  mass  of  the  parent  ion  is  consistent  with  the  active  site  pep¬ 
tide  of  BChE  modified  with  an  added  mass  of  57  amu.  The  doubly- 
charged  b17  and  b20  minus  H2O  ions  support  modification  on 
Ser  198. 

Serum  samples  from  both  the  murder  and  suicide  victims 
yielded  MRM-triggered  MS/MS  scans  that  supported  the  presence 
of  carbofuran-labeled  BChE  in  their  sera. 

Discussion 

Carbamate  Adducts  on  BChE  are  Unstable 

The  /V-methyl  carbamate  adduct  of  human  BChE  has  been 
reported  to  have  a  half-life  of  1 1  min  at  pH  7.4,  37  °C  (Wetherell 
and  French,  1991)  or  3  h  at  pH  7.4,  25  °C  (Reiner,  1971).  In  our 
hands  the  half-life  at  pH  7.4,  25  °C  was  about  2.4  h.  The  short 
half-life  of  the  carbofuran  adduct  meant  the  BChE  had  to  be 
purified  rapidly  to  prevent  loss  of  the  carbofuran  label.  This 
was  achieved  by  purifying  BChE  on  affinity  gel  packed  in  a  spin 
column.  The  short  half-life  also  means  there  is  a  need  to  collect 


the  serum  samples  in  a  timely  manner  from  the  victims.  If 
several  days  pass  between  exposure  and  serum  collection,  it  is 
likely  that  all  the  carbofuran  (methylcarbamyl)-BChE  adduct  will 
have  been  lost. 

The  /V-dimethyl  carbamate  adduct  of  human  BChE  (e.g.,  BChE 
carbamylated  by  pyridostigmine  or  by  M7C  or  by  an  analog 
of  rivastigmine)  is  more  stable  than  the  /V-methyl  carbamate. 
The  half-life  of  the  /V-dimethyl  carbamalyted  BChE  is  277  min  at 
pH  7.4,  25  °C,  a  value  that  calculates  to  a  rate  of  decarbamyla- 
tion  of  0.0025  min“^  (Lockridge  and  La  Du,  1978).  The  rate  of 
decarbamylation  is  0.0063  min“^  at  pH  8.0,  37  °C  (Weinstock  and 
Groner,  2008). 

Decarbamylation  is  a  Catalytic  Process 

The  partially  purified  BChE  was  boiled  immediately  after  it  was 
eluted  from  the  affinity  column.  This  step  was  used  because 
decarbamylation  is  a  catalytic  process  requiring  the  native 
conformation  of  BChE  (Main,  1979),  and  therefore  decarba¬ 
mylation  can  be  halted  by  denaturing  the  enzyme.  This  con¬ 
cept  was  proven  to  be  correct  by  the  fact  that  the  carbofuran 
(methylcarbamyl)-labeled  peptide  was  recovered  despite  the 
passage  of  many  days  between  the  time  the  BChE  was  boiled 
and  the  peptide  was  analyzed. 

Mass  Spectrometry  to  Identify  the  Poison 

The  method  introduced  in  this  work  identifies  poisons  that  add 
methylcarbamate,  a  mass  of  57  amu,  to  the  BChE  active  site. 
Carbofuran  is  not  the  only  poison  that  adds  a  mass  of  57  amu. 
Physostigmine,  carbaryl,  aldicarb,  aldoxycarb,  formetanate, 
methiocarb,  methomyl,  oxamyl,  propoxur  and  physovenine  all 


www.interscience.wiley.com/journal/jat 


Copyright  ©  2008  John  Wiley  &  Sons,  Ltd. 


J.  Appi  Toxicol.  2009;  29: 1 49-1 55 


Detection  of  carbofuran  poisoning 


Journal  of 

AppliedToxicology 


give  the  same  added  mass  of  57  amu.  Analysis  of  degradation 
products  present  in  urine  can  be  used  to  discriminate  between 
these  toxins  (Barr  et  al.,  2002;  Petropoulou  et  al.,  2006a).  How¬ 
ever,  other  carbamates  such  as  pyridostigmine  and  pirimicarb 
add  dimethylcarbamate  to  BChE,  an  added  mass  of  71  amu.  The 
method  described  in  this  report  can  be  used  to  discriminate 
between  these  classes  of  carbamate  toxins.  The  presence  of  an 
adduct  on  BChE  means  the  person  was  exposed  to  the  intact 
carbamate  pesticide. 

Significance 

The  presence  of  metabolites  of  carbofuran  in  blood  and  urine 
provides  evidence  of  exposure,  but  this  evidence  can  be  inter¬ 
preted  to  mean  that  degradation  products  rather  than  the  active 
poison  were  ingested.  Indisputable  proof  of  exposure  to  active 
poison  is  the  finding  of  butyrylcholinesterase  adducts. 
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Some  organophosphorus  compounds  are  toxic  because  they 
inhibit  acetylcholinesterase  (AChE)  by  phosphylation  of  the  active 
site  serine,  forming  a  stable  conjugate:  Ser-0-P(0)-(Y)-(XR) 
(where  X  can  be  O,  N,  or  S  and  Y  can  be  methyl,  OR,  or  SR).  The 
inhibited  enzyme  can  undergo  an  aging  process,  during  which  the 
X-R  moiety  is  dealkylated  by  breaking  either  the  P-X  or  the  X-R 
bond  depending  on  the  specific  compound,  leading  to  a  non- 
reactivatable  enzyme.  Aging  mechanisms  have  been  studied 
primarily  using  AChE.  However,  some  recent  studies  have 
indicated  that  organophosphate-inhibited  butyrylcholinesterase 
(BChE)  may  age  through  an  alternative  pathway.  Our  work 
utilized  matrix-assisted  laser  desorption/ionization-time-of-fiight 
mass  spectrometry  to  study  the  aging  mechanism  of  human  BChE 
inhibited  by  dichlorvos,  echothiophate,  diisopropylfiuorophos- 
phate  (DEP),  isomalathion,  soman,  sarin,  cyclohexyl  sarin,  VX, 
and  VR.  Inhibited  BChE  was  aged  in  the  presence  of  H20^^  to 
allow  incorporation  of  ^^O,  if  cleavage  was  at  the  P-X  bond. 
Tryptic-peptide  organophosphate  conjugates  were  identified 
through  peptide  mass  mapping.  Our  results  showed  no  aging  of 
VX-  and  VR-treated  BChE  at  25 °C,  pH  7.0.  However,  BChE 
inhibited  by  dichlorvos,  echothiophate,  DEP,  soman,  sarin,  and 
cyclohexyl  sarin  aged  exclusively  through  0-C  bond  cleavage,  i.e., 
the  classical  X-R  scission  pathway.  In  contrast,  isomalathion  aged 
through  both  X-R  and  P-X  pathways;  the  main  aged  product 
resulted  from  P-S  bond  cleavage  and  a  minor  product  resulted 
from  0-C  and/or  S-C  bond  cleavage. 

Key  Words:  butyrylcholinesterase;  organophosphate;  aging; 
mass  spectrometry. 


INTRODUCTION 

Butyrylcholinesterase  (BChE)  is  a  serine  hydrolase  that 
catalyzes  the  hydrolysis  of  a  variety  of  choline  and  noncholine 
esters  (Lockridge  and  Masson,  2000).  BChE  is  more  abundant 
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than  acetylcholinesterase  (AChE)  in  mouse  and  human  (Li 
et  aL,  2000).  BChE  reacts  with  a  broad  range  of  toxicants  more 
effectively  than  AChE.  BChE  has  been  suggested  to  function 
as  a  scavenger  protein  that  protects  the  cholinergic  system 
against  anticholinesterase  poisons  (Lockridge  and  Masson, 
2000). 

Organophosphorus  (OP)  compounds  account  for  a  large 
portion  of  pesticides  and  chemical  warfare  agents.  These 
compounds  exert  their  acute  toxicity  mainly  through  inhibition 
of  AChE.  OP  inhibition  of  AChE  and  BChE  proceeds  in 
a  progressive  manner  by  phosphorylation  of  the  active  site  Ser, 
to  form  a  Ser-0-P(0)-(Y)-(XR)  adduct  (where  X  can  be  O,  N, 
or  S  and  Y  can  be  methyl,  OR,  or  SR).  The  phosphorylated 
enzyme  can  be  reactivated  by  treating  with  strong  nucleophilic 
agents  such  as  oximes.  The  phosphorylated  enzyme  can  also 
undergo  a  spontaneous  time-dependent  process  called  “aging” 
during  which  the  P-X-R  component  of  the  OP- serine 
conjugate  is  dealkylated,  leaving  the  enzyme  irreversibly 
inhibited  (Casida  and  Quistad,  2004). 

Aging  has  been  studied  in  detail  using  AChE  as  the  model 
enzyme.  The  generally  accepted  aging  mechanism  for  alkoxy- 
OP  adducts  invokes  the  catalytic  participation  of  residues  from 
the  enzyme.  Dealkylation  of  the  OP  adduct  is  facilitated 
primarily  by  the  protonated  histidine  of  the  catalytic  triad, 
a  glutamic  acid  residue  adjacent  to  the  catalytic  serine,  and 
a  nearby  tryptophan  residue  (Shafferman  et  ai,  1996;  Viragh 
et  ai,  1997).  It  is  agreed  that  these  residues  combine  to  promote 
the  cleavage  of  the  0-C  bond  with  formation  of  a  carbocation 
on  the  leaving  alkyl  group  and  a  negatively  charged  phospho- 
oxygen  (Shafferman  et  ai,  1996;  Viragh  et  ai,  1997).  The 
resultant  carbocation  is  then  vulnerable  to  nucleophilic  attack  by 
water.  A  variety  of  pH,  mutational,  crystallographic,  and  kinetic 
studies  support  the  catalytic  involvement  of  the  amino  acid 
residues  (Barak  et  aL,  1997;  Harris  et  aL,  1966;  Jennings  et  aL, 
2003;  Michel  et  aL,  1967;  Millard  et  aL,  1999;  Saxena  et  aL, 
1993;  Shafferman  et  aL,  1996).  Studies  on  BChE  inhibited  with 
diisopropylfluorophosphate  (DFP)  are  also  consistent  with  this 
mechanism  (Masson  et  aL,  1997a). 
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On  the  other  hand,  recent  studies  have  provided  evidence  for 
alternative  aging  pathways.  First,  studies  on  aging  of  tabun- 
inhibited  human  AChE  suggested  a  P-N  bond  cleavage  and 
elimination  of  the  dimethylamine  moiety  from  the  tabun- 
enzyme  conjugate  (Barak  et  aL,  2000).  This  result  is  also 
corroborated  by  the  x-ray  structure  of  tabun-aged  murine 
AChE  (Ekstrom  et  aL,  2006).  Second,  isomalathion-inhibited 
equine  BChE  was  shown  to  age  through  breaking  the  P-S  bond 
and  releasing  either  a  thiomethyl  or  a  diethylthiosuccinate 
moiety  (Doom  et  aL,  2001a).  Third,  a  crystal  structure  study  on 
echothiophate-inhibited  human  BChE  presented  the  possibility 
of  aging  through  both  P-0  scission  and  0-C  scission  (Nachon 
et  aL,  2005).  Given  the  diversity  of  aging  pathways  invoked  for 
various  OP  compounds  and  the  indication  that  different  aging 
pathways  may  be  used  by  BChE  and  AChE  when  inhibited  by 
the  same  OP,  systematic  investigation  of  the  BChE  aging  path¬ 
way  was  needed.  The  use  of  BChE  as  an  antidote  against  OP 
toxicity  also  calls  for  a  better  understanding  of  its  aging 
mechanism. 

In  the  current  study,  we  investigated  the  possibility  that  OP- 
inhibited  human  BChE  ages  through  breakage  of  the  P-X  bond 
(where  X  may  be  O  or  S),  as  opposed  to  the  classical  pathway, 
i.e.,  breaking  the  X-C  bond.  We  evaluated  the  aging  pathway 
by  using  matrix-assisted  laser  desorption/ionization-time-of- 
flight  (MALDI-TOE)  mass  spectrometry  to  determine  the  mass 
of  the  aged  product.  Including  H20^^  in  the  aging  medium 
enabled  us  to  distinguish  between  the  two  pathways.  Discrimi¬ 
nation  was  possible  because  the  inhibition  step  employed  OP 
made  with  common  ^^O.  If  aging  occurred  via  cleavage  at 
P-^^0,  then  the  phosphoms  would  pick  up  an  ^^OH  from  the 
medium  to  form  P-^^O-H.  If  the  cleavage  occurred  at  0-C, 
then  the  carbon  would  pick  up  the  ^^OH  and  the  phosphoms 
would  retain  the  ^^O  as  P-^^OH.  The  net  effect  would  be  a 
2-Da  increase  in  the  mass  of  the  aged  adduct  if  cleavage  of  the 
P-0  bond  occurred.  Consequently,  the  mass  of  the  aged  OP- 
enzyme  conjugate  revealed  which  aging  pathway  had  been 
taken  (Pig.  1).  The  aged  enzyme  was  digested  with  trypsin,  and 


Aging 


FIG.  1.  Inhibition  and  aging  of  BChE  with  organophosphate  in  a  H20^^ 
environment.  Two  aging  pathways  give  two  OP-BChE  conjugates  with  the 
same  chemical  structure,  but  a  mass  difference  of  2  Da,  which  can  be  detected 
by  MALDI-TOE  mass  spectrometry.  The  generalized  OP  structure  in  the 
scheme  represents  dichlorvos,  echothiophate,  and  DPP.  Aging  of  isomalathion-, 
soman-,  sarin-,  cyclohexyl  sarin-,  VX-,  and  VR-inhibited  BChE  can  be  studied 
in  the  same  fashion.  E-OH:  catalytic  serine;  R,  R' :  alkyl  groups;  Z:  OP  leaving 


group. 


the  resulting  tryptic  peptides  were  analyzed  by  MALDI-TOE 
mass  spectrometry  to  determine  the  mass  of  the  OP-labeled, 
active-site  peptide  conjugate.  Nine  OP  compounds  were  tested,  in¬ 
cluding  dichlorvos,  echothiophate,  DPP,  soman,  sarin,  cyclo¬ 
hexyl  sarin  (GP),  VX,  VR  (Russian  VX),  and  isomalathion 
(Fig.  2). 

Aging  of  all  the  alkoxy  adducts  followed  the  classical 
pathway,  with  cleavage  of  the  0-C  bond.  Isomalathion- 
inhibited  BChE,  however,  gave  two  aged  products.  Besides 
the  main  aged  product  resulting  from  breaking  the  P-S  bond, 
a  minor  product  resulted  from  breaking  the  0-C  and/or  S-C 
bond,  which  had  not  been  reported  before. 


MATERIALS  AND  METHODS 

Chemicals  and  reagents.  Dichlorvos  and  isomalathion  were  from  CIL 
Cluzeau  Info  Labo  (Sainte-Poy-La-Grande,  Prance).  Echothiophate  iodide  was 
from  Wyeth-Ayerst  (Rouses  Point,  NY).  DPP  was  from  Acros  (Belgium). 
Soman,  sarin,  cyclohexyl  sarin,  VX,  and  VR  were  from  Centre  d’Etudes  du 
Bouchet  (Vert-le-Petit,  Prance).  H20^^  (95%  pure)  was  from  Aldrich 
(Milwaukee,  WI).  Sequence-grade  modified  trypsin  was  from  Promega 
(Madison,  WI).  a-Cyano-4-hydroxy  cinnamic  acid  (CHCA)  matrix- 
assisted  laser  desorption/ionization  (MALDI)  matrix  and  external  MALDI 
mass  calibration  standard  mix  were  purchased  from  Applied  Biosystems 
(Framingham,  MA). 

Purification  and  deglycosylation  of  human  BChE.  Human  BChE 
(gi:  116353;  Swiss  protein  P06276)  was  purified  from  plasma  as  previously 
described  (Lockridge  et  aL,  2005).  Recombinant  GST-PNGaseF  was  expressed 
and  purified  as  previously  described  (Grueninger-Leitch  et  aL,  1996).  Two 
milligrams  of  purified  human  BChE  was  deglycosylated  by  treating  with  3.2  mg 
of  GST-PNGaseF  for  5  min  at  37°C  in  6.66  ml  of  lOOmM  Tris-HCl,  pH  7.5. 
GST-PNGaseF  was  removed  by  loading  the  sample  onto  GSH-agarose  (Sigma, 
St  Louis,  MO)  packed  in  a  5-ml  column,  equilibrated  with  lOOmM  Tris-HCl,  pH 
8.0.  The  flow  through  containing  human  BChE  was  concentrated  to  4.5  mg/ml  in 
a  Centricon  PM  10  microconcentrator  (Millipore,  Bedford,  MA).  BChE  was 
deglycosylated  because  the  deglycosylated  protein  released  the  active-site  tryptic 
peptide  upon  digestion  with  trypsin.  By  contrast,  when  the  BChE  was  not 
deglycoslyated,  the  active-site  peptide  was  not  available  to  trypsin  unless  the 
protein  was  first  denatured  and  its  disulfide  bonds  reduced  and  alkylated. 

Organophosphate  treatment  of  BChE.  A  10-pl  aliquot  of  deglycosylated 
human  BChE  stock  at  a  concentration  of  53pM  enzyme  (4.5  mg/ml)  was 
diluted  with  90  pi  of  H20^^  or  H20^^  and  1  pi  of  IM  sodium  phosphate  pH  7.0. 
Each  100-pl  diluted  BChE  sample  received  1  pi  of  dichlorvos  (6.5M  stock), 
echothiophate  (lOmM  stock),  DPP  (50mM  stock),  soman  (27.4mM  stock), 
sarin  (35.6mM  stock),  cyclohexyl  sarin  (27.7mM  stock),  VX  (18.6mM  stock), 
VR  (18.6mM  stock),  or  isomalathion  (32mM  stock).  The  final  concentration  of 
OP  is  at  least  20  times  higher  than  the  BChE  concentration  in  the  reaction 
system,  ensuring  that  the  inhibition  and  aging  reaction  can  reach  completion 
under  the  experimental  conditions.  The  excess  OP  should  not  affect  the  aging 
reaction  pathways.  The  H20^^  level  in  the  final  reaction  mixture  was  at  least 
85%.  Enzyme  inhibition  and  aging  proceeded  at  room  temperature  for  4  days  or 
more.  The  BChE  used  in  this  study  was  purified  from  sterilized  human  plasma, 
and  we  kept  the  sterilization  condition  throughout  the  OP  treatment  to  prevent 
the  microbial  contamination.  Samples  were  stored  at  —  80°C. 

Tryptic  digestion  of  BChE.  To  remove  excess  OP,  H20^^,  and  salts,  50  pi 
of  OP-treated  BChE  was  subjected  to  buffer  exchange  using  Millipore 
Microcon  YM-3  centrifuge  filters  with  3000  MW  cutoff.  The  protein  was 
diluted  with  25mM  ammonium  bicarbonate  pH  8.3,  concentrated  to  50  pi. 
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FIG.  2.  Chemical  structures  of  dichlorvos,  echothiophate,  DFP,  soman,  sarin,  cyclohexyl  sarin,  VX,  VR,  and  isomalathion. 


rediluted,  and  reconcentrated  5  times  before  digestion.  The  final  H20^^  level 
was  no  more  than  0.5%  of  the  total  volume.  The  BChE  was  incubated  with 
modified  porcine  trypsin  at  a  trypsin:BChE  ratio  of  1:30,  at  room  temperature, 
overnight.  To  wash  off  salts  from  the  digestion  that  may  interfere  with  mass 
spectrometric  analysis,  trypsinized  BChE  was  adsorbed  onto  a  Cl 8  ZipTip 
(Millipore)  and  washed  with  0.1%  trifiuoroacetic  acid  (TEA).  Peptides  were 
eluted  from  the  ZipTip  with  15  pi  of  30%  acetonitrile,  0.1%  TEA,  followed  by 
15  pi  of  60%  acetonitrile,  0.1%  TEA.  The  active-site  peptide  was  eluted  with 
60%  acetonitrile,  0.1%  TEA. 

MALDI-TOF  mass  spectrometry.  All  MALDI-TOF  mass  spectrometry 
experiments  were  performed  on  an  Applied  Biosystems  Voyager  DE-PRO 
workstation  equipped  with  a  337-nm  pulsed  nitrogen  laser.  The  OP-labeled, 
trypsinized,  BChE  active-site  peptide  that  had  been  adsorbed  to  a  reverse  phase 
Cl 8  ZipTip  was  eluted  into  a  microcentrifuge  tube  with  15  pi  of  60% 
acetonitrile,  0.1%  TEA.  One  microliter  of  eluant  was  mixed  1:1  (vol/vol)  with 
the  matrix  solution  CHCA  (10  mg/ml  in  50%  acetonitrile,  0.3%  TEA)  on  the 
MALDI  target  plate  and  allowed  to  dry  at  room  temperature. 

Mass  spectra  were  acquired  in  positive  ion,  linear,  or  reflector  mode  under 
delayed  extraction  conditions,  using  an  acceleration  voltage  of  20  kV.  Laser 
intensity  was  adjusted  so  that  the  strongest  ion  intensity  in  a  spectrum  did  not 
exceed  80%  of  the  maximum,  saturated  intensity  value.  Laser  positioning  on 
the  sample  spot  was  monitored  with  a  video  camera.  Spectra  shown  are  the 
average  of  500  laser  shots  collected  from  multiple  locations  on  the  target  spot. 
Calibration  for  the  mass  spectra  was  performed  both  externally  using 
adrenocorticotropic  hormone  peptides  (amino  acid  residues  1-17,  18-39,  and 
7-38)  and  internally  by  reference  to  BChE  tryptic  fragments  other  than  the 
labeled,  active-site  peptide.  The  sequence  of  human  BChE  (accession  number: 
P06276)  was  obtained  from  the  SwissProt  database  (http://ca.expasy.org/cgi- 
bin/sprot-search-ful).  The  reference  masses  of  the  tryptic  BChE  peptides  were 
obtained  using  the  MS-Digest  feature  of  ProteinProspector  version  4.0.6  (http:// 
prospector.ucsf.edu/),  a  comprehensive  proteomic  data  analysis  software  package. 
The  MS-Fit  feature  of  ProteinProspector  was  used  to  identify  human  BChE  from 
MALDI  peptide  mass  data,  where  the  mass  tolerance  was  set  at  100  ppm. 

Half-life  of  aging.  To  determine  the  aging  half-life  of  echothiophate- 
inhibited  BChE,  a  time  course  experiment  was  conducted.  Twenty-five 
microliters  of  deglycosylated  human  BChE  (150pM  enzyme  in  15mM  2-(N- 
morpholino)ethanesulfonic  acid  buffer,  pH  6.5)  was  mixed  with  25  pi  of 
lOOmM  Tris-Cl,  pH  8.6  to  give  a  final  pH  of  8.4.  Five  microliters  of  enzyme 
solution  were  taken  immediately  after  mixing  and  diluted  into  100  pi  of  25mM 
ammonium  bicarbonate,  pH  8.3.  This  enzyme  fraction  served  as  the  0-min  time 
point  and  was  stored  in  the  —  80°C  freezer  until  trypsin  digestion.  After  the 
0-min  time  point  had  been  taken,  a  2.2-fold  molar  excess  of  echothiophate  (1  pi 
of  7.5mM  echothiophate  iodide  dissolved  in  water)  was  added  to  the  enzyme 
solution.  The  OP  inhibition  and  aging  process  proceeded  in  a  37°C  water  bath. 
A  total  of  nine  time  points  were  taken  (5  min,  1  h,  2  h,  4  h,  8  h,  12  h,  16  h,  23  h 
and  28  h).  For  each  time  point,  a  5-pl  aliquot  was  taken  from  the  reaction 
solution  and  diluted  to  100  pi  with  25mM  ammonium  bicarbonate.  Excess  OP 
was  removed  from  the  mixture  by  gel  filtration  on  a  spin  column  (Performa  SR 


gel  filtration  cartridge.  Edge  BioSystems,  Gaithersburg,  MD).  Samples  were 
stored  at  -80°C  until  trypsin  digestion. 

When  all  times  points  had  been  collected,  the  samples  were  thawed, 
subjected  to  tryptic  digestion  (as  described  under  Tryptic  digestion  of  BChE), 
and  prepared  for  MALDI-TOF  mass  spectrometry  (as  described  under  MALDI- 
TOF  mass  spectrometry). 

The  Data  Explorer  software  for  the  Voyager  DE-PRO  mass  spectrometer 
provided  the  area  of  the  peptide  peaks  for  the  initial  and  aged  adduct  in  each 
spectrum.  The  aging  half-life  was  calculated  from  a  semilog  plot  of  the 
normalized  peak  area  for  unaged  OP  peptide  against  time.  The  normalized  peak 
area  was  obtained  by  taking  the  ratio  of  the  unaged  peak  area  to  the  sum  of  the 
areas  for  the  aged  and  unaged  peak  areas,  at  each  time  point.  This  ratio 
compensated  for  the  variation  in  MALDI  peak  intensities  from  shot-to-shot  and 
sample-to-sample.  It  was  assumed  that  the  signal  response  of  the  aged  and 
unaged  peptides  would  be  essentially  the  same  in  the  same  sample  (i.e.,  each 
individual  time  point)  because  there  is  only  a  small  difference  between  the 
structures  of  the  two  peptides  (i.e.,  an  ethoxy  phosphate  in  the  unaged  form  is 
converted  to  a  hydroxy  in  the  aged  form).  SigmaPlot  (SigmaPlot  for  Windows 
version  10.0,  Systat  Software,  Inc.)  was  used  to  generate  the  equation 
describing  the  plot  and  to  run  statistic  tests  on  the  data.  The  data  set  passed  the 
Durbin-Watson  test,  the  normality  test,  and  the  constant  variance  test. 


RESULTS 

Identification  of  the  BChE  Tryptic  Peptide  Containing 
the  Catalytic  Serine 

MALDI  mass  spectra  of  trypsinized  BChE  were  obtained  in 
both  reflector  mode  for  high  peak  resolution  and  in  linear  mode 
for  maximum  signal  intensity.  In  reflector  mode,  the  isotopic 
envelope  of  each  peptide  can  be  resolved  and  the  observed 
peak  values  represent  the  mass  of  each  isotope  of  a  peptide. 
Peak  values  observed  in  linear  mode  are  the  average  mass  of 
the  isotopic  variants  of  the  peptides.  For  a  molecule  that  has 
a  monoisotopic  mass  around  3000  Da,  as  the  OP-BChE 
peptides  in  this  study,  the  average  mass  of  the  molecule  will  be 
about  2  Da  heavier  than  the  monoisotopic  mass. 

Amino  acid  numbers  are  for  the  mature  secreted  protein, 
which  has  no  signal  peptide  and  is  therefore  shorter  by 
28  amino  acids  than  the  sequence  in  accession  number  P06276. 
Tryptic  digestion  of  BChE  generates  a  29  amino  acid,  active- 
site  peptide  extending  from  Ser  191  to  Arg  219,  where  Ser 
198  (in  bold)  is  the  catalytic  Ser:  ‘^^SVTLFGESA- 
GAASVSLHLLSPGSHSLFTR^^®.  In  the  reflector  mode 
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spectrum,  11  peaks  can  be  assigned  to  the  tryptic  peptides  of 
BChE  (Fig.  3A).  The  isotopic  peaks  for  each  peptide  are  well 
resolved.  The  theoretical  monoisotopic  m/z  for  the  singly 
protonated  [M+H]^  active-site  peptide  is  2928.5,  the  observed 
m/z  is  2928.4.  In  the  linear  mode  spectmm  (Fig.  3B),  13  peaks 
can  be  assigned  to  tryptic  peptides  of  human  BChF,  including 
the  active-site  peptide.  The  average  mass  of  the  active-site 
peptide  is  2930.3  m/z. 

The  peptide  mass  data  acquired  in  both  linear  and  reflector 
mode  were  submitted  to  the  protein  identification  program  MS- 
Fit  to  validate  the  peptide  assignments.  The  Homo  sapiens 
subset  of  the  SwissProt  database  (2005.01.06  released  version) 
was  selected  for  the  search.  Human  BChF  was  successfully 
identified  as  the  first  hit  using  either  monoisotopic  or  average 
peptide  mass. 

Aging  of  Echothiophate-,  DFP-,  Dichlorvos-,  Soman-, 

Sarin-,  and  Cyclohexyl  Sarin-Inhibited  BChE  Occurs  via 
0-C  Bond  Breakage 

Aging  of  echothiophate-treated  BChF  was  allowed  to  occur 
in  water.  The  active-site  tryptic  peptide  was  analyzed  by 
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FIG.  3.  MALDI  mass  spectrum  of  BChE  tryptic  peptides.  BChE  was 
subjected  to  tryptic  digestion,  and  the  resulting  peptides  were  analyzed  by 
MALDI-TOF  mass  spectrometry.  Peptide  mass  spectra  were  acquired  in 
reflector  mode  (A)  as  well  as  linear  mode  (B).  Peaks  labeled  with  an  asterisk 
match  the  theoretical  masses  of  BChE  tryptic  peptides.  Peak  2928.4  in 
A  represents  the  monoisotopic  m/z  of  the  active-site  peptide.  Peak  2930.3  in 
B  represents  the  average  m/z  of  the  active-site  peptide. 


MALDI-TOF.  It  was  calculated  that  if  aging  resulted  from  P-0 
bond  breakage  (predicted  monoisotopic  mass  3038.5  Da),  the 
active-site  peptide  would  be  2  Da  heavier  than  if  aging  resulted 
from  0-C  bond  breakage  (predicted  monnoisotopic  mass 
3036.5  Da)  (Table  1).  As  shown  in  Figure  4,  a  peak  with  m/z  of 

3036.3  can  be  matched  to  the  theoretical  monoisotopic  m/z  of 
the  echothiophate  peptide  conjugate,  indicating  0-C  bond 
scission.  Neither  peak  2928.5  (monoisotopic  m/z  of  unlabeled 
BChF)  nor  peak  3064.5  (for  unaged  BChF)  were  detected, 
indicating  that  all  the  BChF  had  been  inhibited  and  that  the 
aging  was  complete.  The  observed  isotopic  distribution  is  ex¬ 
actly  that  expected  for  the  aged,  active-site  conjugate  (data  not 
shown).  The  absence  of  any  trace  of  a  peak  at  3038.5  m/z 
indicates  that  for  echothiophate-inhibited  human  BChF,  aging 
follows  the  0-C  bond  breaking  pathway  exclusively,  under  the 
applied  experimental  conditions. 

To  rule  out  the  possibility  that  peak  3036.3  observed  in 
the  spectmm  from  echothiophate-treated  BChE  (Fig.  4)  may 
be  from  an  unknown  peptide  which  happens  to  have  the  same 
m/z  value  as  the  aged  echothiophate  BChE  peptide  conjugate, 
we  monitored  the  disappearance  of  unaged  echothiophate 
peptide  conjugate  (average  m/z:  3066.4,  Table  1)  and  the 
appearance  of  aged  echothiophate  peptide  conjugate  (average 
m/z:  3038.3,  Table  1)  as  a  function  of  time.  To  avoid  con¬ 
fusion,  the  3038.3  m/z  mass  observed  in  this  experiment  is  the 
average  mass  for  the  aged,  active-site  peptide;  the  mono¬ 
isotopic  mass  for  this  peptide  is  3036.3  m/z,  as  described  in 
Figure  3.  A  total  of  nine  time  points  were  taken  after  adding 
echothiophate  into  the  enzyme  solution.  A  MALDI  mass 
spectrum  was  acquired  for  each  time  point,  as  shown  in  Figure 
5.  The  predominant  peak  after  5  min  incubation  with  OP  was 
peak  3066.4,  corresponding  to  the  unaged  echothiophate  BChE 
peptide  conjugate.  Peak  3066.4  diminished  while  peak  3038.3 
grew,  as  the  incubation  time  became  longer.  After  28  h 
incubation,  peak  3066.4  almost  completely  disappeared  from 
the  spectrum,  indicating  that  aging  was  essentially  complete. 
This  result  confirmed  that  peak  3038.3  was  the  echothiophate 
active-site  peptide  conjugate  resulting  from  0-C  bond 
breakage  during  aging.  The  aging  half-life  of  echothiophate- 
inhibited  human  BChE  was  calculated  to  be  7.2  ±  0.7  h  (Fig. 
6)  under  the  experimental  conditions,  which  is  consistent  with 
previous  studies  on  BChE  inhibited  by  OP  with  diethoxy 
moieties  on  the  phosphorus  atom  (Mason  et  aL,  1993,  Masson 
et  al.,  1997b). 

DFP-treated  BChE  was  analyzed  the  same  way  as 
echothiophate-treated  BChE  in  Figure  4.  The  peptide  mass 
spectrum  of  aged,  DFP-inhibited  BChE  revealed  a  new 
monoisotopic  peak  at  3050.4  Da,  indicting  that  aging  of  this 
OP-enzyme  conjugate  is  through  breaking  the  0-C  bond  of 
one  of  the  isopropoxy  groups  (Fig.  7,  Table  1).  The  observed 
isotopic  distribution  was  consistent  with  that  expected  for  the 

3050.4  Da  peptide. 

Similarly,  the  0-C  bond  was  cleaved  during  aging  of 
dichlorvos-inhibited  BChE  (spectrum  not  shown). 
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TABLE  1 


Structures  and  Theoretical  Monoisotopic  m/z  of  Organophosphate-Peptide  Conjugates 


After  aging 

Before  aging 

thru  O-C  bond 

thru  P-O  bond 
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1 

q 

00 

X 
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CH3 

CH3 

m/z:  3090.6 
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0 

0 

0 

1 

II 
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"^The  theoretical  average  m/z  of  unaged  echothiophate-peptide  conjugate,  the  aged  echothiophate-peptide  conjugate  from  the  O-C  bond  bteakage  and  the  P-O 
bond  breakage  are  3066.4,  3038.3,  and  3040.3,  respectively. 
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FIG.  4.  MALDI  mass  spectrum  of  tryptic  peptides  from  echothiophate- 
inhibited  BChE.  The  spectrum  was  acquired  in  positive  ion  reflector  mode. 
Peak  3036.3  represents  the  monoisotopic  mass  of  the  aged,  echothiophate- 
labeled,  active-site  peptide  conjugate  resulting  from  O-C  bond  breakage. 


We  also  investigated  the  aging  pathways  for  sarin-  (Fig.  8, 
Table  1),  cyclohexyl  sarin-,  and  soman-  (Table  1,  spectra  not 
shown)  inhibited  BChE.  Aging  of  these  three  compounds 
involved  only  O-C  bond  cleavage  of  the  alkoxy  groups.  Peak 
3048.4  in  Figure  8  and  peak  3088.6  (see  Table  1,  spectmm  not 
shown)  represent  the  monoisotopic  m/z  of  unaged  sarin  and 
cyclohexyl  sarin  BChE  conjugate  peptides,  respectively, 
indicating  that  the  aging  of  BChE  treated  with  these  two 
compounds  was  not  complete  under  the  experimental  con¬ 
ditions  applied  in  this  study. 

Aging  of  VX-inhibited  human  AChE  and  human  BChE  has 
been  previously  found  to  be  slow.  Seventy  percent  of  the 
human  erythrocyte  AChE  activity  can  be  restored  by  in¬ 
cubation  with  2-pralidoxime  (2-PAM)  48  h  after  VX  inhibition 
(Sided  and  Groff,  1974).  Aging  half-life  of  VX-  and  VR- 
inhibited  human  erythrocyte  AChE  has  recently  been  measured 
to  range  between  36  and  138  h,  respectively  (Aurbek  et  al, 
2006).  Aging  of  VX-inhibited  BChE  is  so  slow  that  BChE 
spontaneously  reactivates  to  50%  of  its  original  activity, 
without  any  need  of  2-PAM  treatment  (van  der  Schans  et  aL, 
2004).  In  our  experiment,  the  expected  peak  of  the  aged  VX 
active-site  peptide  conjugate  with  monoisotopic  m/z  of  3006.5 
was  absent  from  the  sample  spectrum,  whereas  peak  3034.7 
matched  the  unaged  VX  active-site  peptide  conjugate.  This 
result  indicated  that  aging  of  VX-inhibited  BChE  did  not  occur 
under  our  experimental  conditions  (Fig.  9,  Table  1).  Similarly, 
the  VR-inhibited  BChE  did  not  age  (spectrum  not  shown). 

Trypsin  Proteolysis  of  Echothiophate-Inhibited 

BChE  in  H20^^  Medium 

These  experiments  are  controls  to  prove  that  a  two  mass  unit 
shift  can  be  detected  in  linear  mode.  The  mass  spectra  in 
Figures  3A,4,  and  7-9  had  been  acquired  in  reflector  mode. 
However,  signal  intensities  for  isomalathion-  and  tabun- 
inhibited  BChE  were  not  high  enough  to  support  data 
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FIG.  5.  A  time  course  for  the  aging  of  echothiophate-inhibited  BChE. 
Mass  spectra  were  acquired  in  linear  mode  from  samples  with  various 
echothiophate  incubation  times,  as  indicated.  Peaks  3066.4  and  3038.3 
represent  the  average  m/z  of  echothiophate  active-site  peptide  conjugates 
before  and  after  aging,  respectively. 


collection  in  reflector  mode.  Mass  spectra  were  therefore 
acquired  using  linear  mode  settings  because  linear  mode  data 
have  better  signal  intensities  than  those  acquired  using  reflector 
mode  settings.  However,  the  linear  mode  spectrum  is  less  well 
resolved  than  a  reflector  mode  spectrum,  and  the  observed 
mass  represents  the  average  mass  of  the  isotopes  of  a  peptide 
rather  than  the  monoisotopic  mass.  For  a  molecule  that  has 
a  monoisotopic  mass  around  3000  Da,  as  the  OP-BChE  peptide 
conjugates  in  this  study,  the  average  mass  of  the  molecule  will 
be  2  Da  heavier  than  the  monoisotopic  mass  (as  shown  in 
Figure  3  for  BChE  active-site  peptide  and  in  Table  1  for 
echothiophate  BChE  peptide  conjugates).  To  prove  that  a  two 
mass  unit  shift,  occurring  as  a  consequence  of  adding  the 
hydroxyl  group  from  H20^^  to  a  peptide,  can  be  detected  from 
linear  mode  spectra,  we  carried  out  the  tryptic  digestion  of 
echothiophate-treated  BChE  without  removing  the  H20^^  from 
the  reaction  medium.  The  hydroxyl  group  from  water  is  added 
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FIG.  6.  Aging  half-life  of  echothiophate-inhibited  BChE.  At  each  time 
point,  the  area  of  peak  3066.4  was  divided  by  the  sum  of  the  peak  areas  of 
peaks  3066.4  and  3038.3  to  generate  an  area  ratio.  The  area  ratio  was  plotted 
against  its  corresponding  time  point  in  a  semilog  fashion  using  SigmaPlot.  The 
plot  can  be  described  by  equation:  y  =  flXexp(— Z^x),  where  ''a''  is  a  propor¬ 
tionality  constant  =  0.92  ±  0.039  and  “Z?”  is  the  apparent  rate  constant  = 
0.086  ±  0.0090/h.  Aging  half-life  was  measured  from  the  plot  as  7.2  ±  0.7  h, 
representing  the  time  when  there  are  equal  amounts  of  aged  and  unaged  OP- 
peptide  conjugates,  i.e.,  the  time  when  the  area  ratio  equals  0.5  on  the  plot. 

to  the  C-terminus  of  a  tryptic  peptide  when  the  amide  bond  is 
cleaved.  Thus,  peptides  created  in  H20^^  will  be  two  mass 
units  heavier  than  comparable  peptides  made  in  H20^^. 

The  echothiophate-treated  BChE  was  digested  with  trypsin 
in  85%  H20^^.  Thus  85%  of  each  tryptic  peptide,  including  the 
echothiophate  active-site  peptide  conjugate,  will  carry  an 
hydroxyl  group  at  the  C-terminus.  The  observed  mass  of 
a  peptide  from  this  H20^^  digestion  medium  should  be  2  Da 
heavier  than  the  same  peptide  digested  in  H20^^  medium.  We 
observed  a  peak  with  an  m/z  of  3040.2  from  this  sample 
(spectrum  not  shown),  which  is  two  units  heavier  than  the  mass 
of  the  aged,  echothiophate-labeled,  active-site  peptide  conju- 
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FIG.  7.  MALDI  mass  spectrum  of  tryptic  peptides  from  DEP-inhibited 
BChE.  The  spectrum  was  acquired  in  positive  ion  reflector  mode.  Peak  labeled 
with  an  asterisk  has  a  monoisotopic  m/z  of  3032.4,  which  matches  a  BChE 
tryptic  peptide.  Peak  3050.4  represents  the  monoisotopic  m/z  of  the  aged  DPP 
active-site  peptide  conjugate  resulting  from  O-C  bond  breakage.  Trace  amount 
of  unaged  DPP-peptide  conjugate  can  also  be  seen  in  the  spectrum  at  m/z  of 
3092.6. 


FIG.  8.  MALDI  mass  spectrum  of  tryptic  peptides  from  sarin-inhibited 
BChE.  The  spectrum  was  acquired  in  positive  ion  reflector  mode.  The  peak 
labeled  with  an  asterisk  has  a  monoisotopic  m/z  of  3032.4,  which  matches 
a  BChE  tryptic  peptide.  Peak  3006.3  represents  the  monoisotopic  m/z  of  the 
aged,  sarin-labeled,  active-site  peptide  conjugate  resulting  from  O-C  bond 
breakage.  Peak  3048.4  represents  the  monoisotopic  m/z  of  the  unaged,  sarin- 
labeled,  active-site  peptide  conjugate. 

gate  resulting  from  tryptic  digestion  in  an  H20^^  medium. 
Seven  other  peaks  in  the  spectrum  from  the  H20^^  medium 
were  found  to  be  2  Da  heavier  than  the  theoretical  masses  of 
the  same  peptides  digested  in  H20^^  medium.  This  result 
demonstrates  that  MALDI  data  collected  in  linear  mode  are 
capable  of  discerning  a  two  mass  unit  shift  resulting  from 
incorporation  of  an  hydroxyl  group  into  a  peptide. 

Aging  of  I somalathion-Inhibited  BChE  Occurs  via 

both  P-S  and  0-CIS-C  Bond  Breakage 

Previous  studies  showed  that  stereoisomers  of  isomalathion 
take  different  inhibitory  and  aging  pathways  when  reacting 
with  BChE,  depending  on  the  stereo  configuration  of  the 
inhibitor.  Inhibition  of  the  enzyme  with  (IR)-isomalathion 
proceeds  with  loss  of  diethylthiosuccinate  as  the  primary 
leaving  group,  resulting  in  an  0,S-dimethyl  phosphate  adduct; 


FIG.  9.  MALDI  mass  spectrum  of  tryptic  peptides  from  VX-inhibited 
BChE.  The  spectrum  was  acquired  in  positive  ion  reflector  mode.  Peak  3034.7 
represents  the  monoisotopic  m/z  of  the  unaged,  VX-labeled,  active-site  peptide 
conjugate. 
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aging  of  this  adduct  occurs  through  breaking  the  P-S  bond  and 
loss  of  the  thiomethyl  moiety.  On  the  other  hand,  the  primary 
leaving  group  for  (IS)-isomalathion  inhibition  of  the  enzyme  is 
the  thiomethyl  group.  Inhibition  is  followed  by  a  quick  aging 
reaction,  which  also  involves  breaking  a  P-S  bond.  In  this  case, 
the  diethylthiosuccinate  moiety  is  released  (Doom  et  al, 
2001  a,b).  In  both  cases,  aging  of  isomalathion-inhibited  BChE 
occurs  via  the  P-X  bond  scission  pathway. 

The  isomalathion  used  in  the  present  study  was  a  mixture  of 
all  stereoisomers.  The  chemical  structures  and  corresponding 
theoretical  masses  after  inhibition  of  BChE  are  summarized  in 
Table  2.  The  mass  spectrum  of  tryptic  peptides  of  isomala- 
thion-treated  BChE  (Eig.  10)  does  not  have  peaks  matching  the 
unaged  isomalathion  active-site  peptide  conjugates,  regardless 
of  the  primary  leaving  group  (theoretical  m/z  should  be  3054.4 
when  diethylthiosuccinate  is  the  primary  leaving  group  or 

3198.5  when  thiomethyl  is  the  primary  leaving  group).  This 
indicates  that  aging  is  complete.  Peak  3026.6  in  the  spectrum 
matches  the  theoretical  m/z  of  an  aged  isomalathion  peptide 
conjugate  formed  as  a  result  of  a  P-S  bond  scission.  Eormation 
of  this  fragment  can  occur  from  either  primary  adduct  (see 
Table  2).  This  result  is  consistent  with  the  reports  in  the 
literature  (Doom  et  ai,  2001a,b). 

In  addition,  a  comparatively  minor  peak  with  m/z  of  3040.6 
is  present,  which  matches  the  theoretical  m/z  of  the  aged 
isomalathion  peptide  conjugate  resulting  from  0-C  or  S-C 
bond  scission.  An  0-C  cleavage  pathway  would  generate  this 
mass  only  from  a  primary  adduct  that  was  formed  by 
elimination  of  the  diethylthiosuccinate  moiety,  whereas  the 

3040.6  mass  is  consistent  with  an  S-C  cleavage  starting  with 
either  primary  adduct.  This  result  indicates  that  isomalathion- 
inhibited  human  BChE  can  age  not  only  via  the  P-X  pathway. 


as  indicated  in  previous  studies,  but  also  via  the  X-R  pathway. 
The  relative  intensities  of  peaks  3026.6  and  3040.6  suggest  that 
the  P-X  pathway  is  the  predominant  aging  pathway  under  the 
experimental  conditions  of  this  study. 


DISCUSSION 

Direct  Evidence  Supporting  the  X-R  Scission  Pathway  for 

Aging  of  Human  BChE  Inhibited  by  Alkoxy-OP 

Classical  aging  theory  for  alkoxy-OP-inhibited  cholines¬ 
terases  states  that  aging  involves  activation  of  the  alkoxy 
oxygen,  0-C  bond  scission,  and  formation  of  a  carbonium  ion 
(Shafferman  et  ai,  1996;  Viragh  et  ai,  1997).  Numerous 
studies  involving  a  wide  range  of  alkoxy-type  OP  have 
demonstrated  that  aging  results  in  the  net  loss  of  an  alkyl  group 
(Doom  et  ai,  2001b;  Michel  et  ai,  1967;  Millard  et  aL,  1999; 
Nachon  et  ai,  2005;  Viragh  et  ai,  1999).  However,  cleavage  at 
either  the  P-0  or  the  0-C  bond  could  account  for  these 
observations.  Only  in  the  case  of  soman-inhibited  AChE  has 
cleavage  of  the  0-C  bond  been  conclusively  demonstrated 
(Michel  et  aL,  1967;  Viragh  et  ai,  1999). 

To  test  whether  aging  of  other  alkoxy-OP  adducts  proceeds 
via  an  0-C  cleavage,  we  studied  the  aging  of  human  BChE 
inhibited  by  dichlorvos,  echothiophate,  DEP,  soman,  sarin, 
cyclohexyl  sarin,  VX,  and  VR.  Our  results  showed  that  for  all 
of  these  OP  except  VX  and  VR  (in  which  aging  did  not  occur), 
aging  did  indeed  occur  via  cleavage  of  the  0-C  bond,  i.e.,  they 
aged  through  the  X-R  scission  pathway  (see  Pigs.  4,7,8,  and 
related  text).  Based  on  these  observations,  it  seems  fair  to 
predict  that  whenever  BChE  is  inhibited  by  an  OP  that  leaves 
an  alkoxy  group  in  the  inhibited  adduct,  aging  will  proceed 


TABLE  2 

Structues  and  Theoretical  Average  m/z  of  Isomalathion-Peptide  Conjugates  Aged  in  Water 


After 

aging 

Before  aging 

thru  O-C  bond 

thru  S-C  bond 

thru  P-O  bond 

thru  P-S  bond 

0 

0 

0 

0 

0 

1  II 

1  II 

1 

II 

I  II 

I 

II 

Ser-O-P-S^ 

Ser— o—  P- 

Ser  — 

O-P-SH 

Ser— o—  P— 

Ser— 

X 

b 

1 

Q_ 

1 

O 

1 

1 

0''®H 

1 

\016_ 

I 

I 

^olL 

m/z:  3054.4" 

3040.4 

3040.4 

3042.4 

3026.5 

Ser-O-  P-S-^oC 

1  II  " 

Ser— 0—  P-S^ 

1 

Ser— 

o 

II 

O-P-SH 

o  y 

Ser-O-P-SA-^ 

I 

Ser— 

0 

0-p-0^®H 

1  YT 

1  'b'’®! 

H  ° 

1 

\016_ 

I  0^®H 

I 

m/z:  3212.5  * 

3198.5 

3040.4 

3200.5 

3026.5 

^This  OP-peptide  conjugate  results  from  the  inhibition  of  BChE  by  (IR)-isomalathion,  where  diethylthiosuccinate  is  the  primary  leaving  group  (Droom  et  al. 
2001a). 

^This  OP-peptide  conjugate  results  from  the  inhibition  of  BChE  by  (IS)-isomalathion,  where  thiomethyl  is  the  primary  leaving  group  (Droom  et  al.  2001a). 
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FIG.  10.  MALDI  mass  spectrum  of  tryptic  peptides  from  isomalathion- 
inhibited  BChE.  The  spectrum  was  acquired  in  positive  ion  linear  mode.  Peaks 
3026.6  and  3040.6  represent  the  aged  isomalathion  active-site  peptide 
conjugate  resulting  from  P-S  and  O-C/S-C  bond  breakage,  respectively. 


through  the  X-R  scission  pathway.  Although  AChE  demon¬ 
strates  different  kinetic  characteristics  from  BChE  upon  OP 
treatment  (Giacobini,  2003),  it  is  reasonable  to  predict  that 
AChE  conjugated  with  an  OP  retaining  an  alkoxy  group  after 
inhibition  will  age  through  the  same  pathway. 

Isomalathion-Inhibited  Human  BChE  Ages  via  both 

X-R  and  P-X  Scission  Pathways 

The  two  asymmetric  centers  of  isomalathion,  one  at  the 
phosphorus  and  the  other  at  the  a-carbon  of  the  diethylth- 
iosuccinate  group,  yield  four  stereoisomers  for  this  compound. 
Among  the  four  stereoisomers,  two  belong  to  the  (IR)- 
stereoisomer  group  and  the  other  two  belong  to  the  (IS)- 
stereoisomer  group,  based  on  the  phosphorus  asymmetric 
center  (Berkman  et  aL,  1993b).  Previous  studies  have 
demonstrated  that  (IR)-  and  (IS)-isomers  have  different 
inhibition  and  aging  mechanisms  when  reacting  with  chol¬ 
inesterases  (Berkman  et  ai,  1993a;  Doom  et  ai,  2001a’b; 
Jianmongkol  et  ai,  1999).  Eor  (IR)  isomers,  the  primary 
leaving  group  upon  conjugation  with  the  catalytic  serine  is  the 
diethylthiosuccinate,  yielding  an  0,S-dimethyl  phosphate 
adduct;  aging  of  this  adduct  appears  to  proceed  through  a 
P-X  scission  reaction  where  the  P-S  bond  is  cleaved  and  the 
end  product  is  the  o-methyl  phosphate  adduct  (refer  to  Table 
2).  Eor  (IS)-isomers,  the  inhibitory  reaction  is  believed  to 
proceed  with  loss  of  the  thiomethyl.  The  aging  reaction  follows 
quickly  with  release  of  the  bulky  diethylthiosuccinate,  through 
breakage  of  the  P-S  bond,  another  P-X  scission  reaction. 
These  reaction  pathways  have  been  investigated  in  rat  and 
bovine  AChE  and  horse  BChE  (Berkman  et  ah,  1993a;  Doom 
et  ai,  2001a’b;  Jianmongkol  et  ai,  1999). 

We  have  reexamined  this  reaction  with  human  BChE.  The 
isomalathion  used  in  our  study  was  from  a  commercial  source 
and  was  a  mixture  of  stereoisomers.  It  is  thus  necessary  for  us 
to  consider  all  the  possible  OP-BChE  conjugates  that  can  result 
from  the  primary  inhibition  and  aging  (see  Table  2).  The  OP 
was  added  to  human  BChE  at  room  temperature,  and  the 


reaction  proceeded  for  at  least  4  days.  Due  to  this  relatively 
long  incubation  time,  we  did  not  see  peaks  for  the  unaged 
isomalathion  conjugates  (3054.4  and  3198.5  m/z),  and  there 
was  no  unmodified  active-site  peptide  in  the  spectmm  (2930.3 
m/z),  indicating  that  the  BChE  was  completely  inhibited  and 
had  completely  aged  (see  Eig.  10).  A  peak  with  m/z  of  3026.5, 
for  the  6>-methyl  phosphate  adduct  containing  O^^H,  appeared 
in  the  spectmm  as  expected  for  a  P-X  bond  scission.  This 
confirmed  the  results  from  previous  studies. 

More  interestingly,  a  minor  peak  with  m/z  corresponding  to 
the  aged  OP  adduct  resulting  from  either  0-C  or  S-C  bond 
scission  (3040.4  m/z)  appeared  in  the  spectmm.  This  minor  peak 
was  not  observed  in  tryptic  peptide  spectra  of  isomalathion- 
treated  equine  BChE  (Doom  et  ai,  2001a).  We  suggest  that 
this  new  aged  product  is  due  to  subtle  differences  in  the 
geometry  of  the  active-site  gorge  between  human  and  equine 
BChE  (e.g.,  Phe398  in  human  BChE  is  an  He  in  equine  BChE 
at  the  equivalent  position,  which  may  affect  the  conformation 
stability  of  the  catalytic  histidine)  that  render  either  0-C  or 
S-C  bond  cleavage  possible  for  human  BChE  but  not  for 
equine  BChE. 

It  is  noteworthy  that  a  consistent  difference  was  found  in  the 
reactivation  rates  of  human  BChE  inhibited  with  the  (IS,  3R) 
or  the  (IS,  3S)  isomers  of  isomalathion  (Doom  et  aL,  2001b). 
The  (IS,  3S)-isomer-inhibited  enzyme  cannot  be  reactivated  at 
all,  whereas  a  small  portion  of  the  (IS,  3R)-isomer-inhibited 
enzyme  was  reactivated  after  adding  2-PAM.  This  suggests  that 
there  is  something  different  about  the  two  IS  adducts.  Possibly, 
one  of  the  (IS)-isomers  ages  via  the  P-S  bond  scission,  which 
proceeds  very  fast  after  initial  enzyme  inhibition,  thus  leaves 
no  opportunity  for  reactivation;  and  the  other  ages  via  the 
relatively  slow  S-C  bond  scission,  so  a  partial  reactivation  was 
observed. 

In  conclusion,  the  aging  pathways  for  BChE  inhibited  by 
nine  different  organophosphates  were  studied.  The  organo- 
phosphates  which  were  chosen  included  nerve  agents  such  as 
soman,  sarin,  and  cyclohexyl  sarin.  The  toxicity  of  the  nerve 
agents  is  generally  considered  to  be  due  to  their  rapid  rate  of 
aging,  which  results  in  irreversible  inhibition  of  AChE.  BChE 
is  being  considered  for  use  as  a  prophylactic  against  nerve 
agent  exposure.  The  nature  of  the  aging  pathways  for  these 
compounds,  as  described  herein,  may  help  in  designing  a 
mutant  BChE  that  has  better  resistance  to  aging  and  thus  serves 
as  a  more  potent  anti-organophosphate  intoxication  drug. 
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BChE  (butyrylcholinesterase)  protects  the  cholinergic  nervous 
system  from  organophosphorus  nerve  agents  by  scavenging  these 
toxins.  Recombinant  human  BChE  produced  from  transgenic  goat 
to  treat  nerve  agent  intoxication  is  currently  under  development. 
The  therapeutic  potential  of  BChE  relies  on  its  ability  to  stay 
in  the  circulation  for  a  prolonged  period,  which  in  turn  depends  on 
maintaining  tetrameric  quaternary  configuration.  Native  human 
plasma  BChE  consists  of  98  %  tetramers  and  has  a  half-life  (tp  of 
1 1-14  days.  BChE  in  the  neuromuscular  junctions  and  the  central 
nervous  system  is  anchored  to  membranes  through  interactions 
with  ColQ  (AChE-associated  collagen  tail  protein)  and  PRiMA 
(proline-rich  membrane  anchor)  proteins  containing  proline-rich 
domains.  BChE  prepared  in  cell  culture  is  primarily  monomeric, 
unless  expressed  in  the  presence  of  proline-rich  peptides.  We 
hypothesized  that  a  poly -proline  peptide  is  an  intrinsic  component 
of  soluble  plasma  BChE  tetramers,  just  as  it  is  for  membrane- 
bound  BChE.  We  found  that  a  series  of  proline-rich  peptides  was 
released  from  denatured  human  and  horse  plasma  BChE.  Eight 
peptides,  with  masses  from  2072  to  2878  Da,  were  purified  by 


HPLC  and  sequenced  by  electrospray  ionization  tandem  MS  and 
Edman  degradation.  All  peptides  derived  from  the  same  proline- 
rich  core  sequence  PSPPLPPPPPPPPPPPPPPPPPPPPLP  (mass 
2663  Da)  but  varied  in  length  at  their  N-  and  C-termini.  The 
source  of  these  peptides  was  identified  through  database  searching 
as  RAPHl  [Ras-associated  and  PH  domains  (pleckstrin  homology 
domains)-containing  protein  1;  lamellipodin,  gi:82581557].  A 
proline-rich  peptide  of  17  amino  acids  derived  from  lamellipodin 
drove  the  assembly  of  human  BChE  secreted  from  CHO  (Chinese- 
hamster  ovary)  cells  into  tetramers.  We  propose  that  the  proline- 
rich  peptides  organize  the  4  subunits  of  BChE  into  a  340  kDa 
tetramer,  by  interacting  with  the  C-terminal  BChE  tetramerization 
domain. 


Key  words;  acetylcholinesterase  (AChE)-associated  collagen 
tail  protein  (ColQ),  butyrylcholinesterase  (BChE),  lamellipodin, 
proline-rich  attachment  domain  (PR AD),  proline-rich  membrane 
anchor  (PRiMA),  tetramer  assembly. 


INTRODUCTION 

BChE  (butyrylcholinesterase;  EC  3. 1.1. 8)  is  a  serine  hydrolase 
found  in  most  vertebrate  tissues  and  is  especially  abundant 
in  serum,  liver,  intestine  and  lung  [1,2].  BChE  is  capable  of 
hydrolysing  a  wide  range  of  choline  and  non-choline  esters 
[3].  BChE  has  been  suggested  to  have  a  role  in  controlling 
the  activity  of  the  neurotransmitter  acetylcholine  in  brain  as 
well  as  in  the  peripheral  neuromuscular  junction  [2,4-6].  BChE 
protects  the  cholinergic  nervous  system  from  the  toxicity  of 
OP  (organophosphorus  toxin)  nerve  agents  and  pesticides  by 
scavenging  OP  in  a  one-to-one  stoichiometry.  Purified  human 
plasma  BChE  injected  intravenously  or  intramuscularly  into 
rodents  and  non-human  primates  has  a  prophylactic  effect  against 
acute  and  long-term  toxicity  of  sarin,  soman  and  VX  {D-ethyl 
S-  [2-(di-isopropylamino)ethyl]methylphosphonothioate}  [7-9] . 
Recombinant  human  BChE  produced  in  the  milk  of  transgenic 
goats  is  a  promising  protein  drug  currently  under  development  to 
treat  nerve  agent  intoxication  [10]. 

Approx.  98  %  of  human  BChE  in  serum  is  a  tetramer  of  four 
identical  subunits  whose  combined  molecular  mass  is  340000  Da 
[3].  The  molecule  is  a  soluble  globule,  protected  from  proteolysis 
by  a  heavy  sugar  coating  from  nine  N-linked  carbohydrate 
chains.  Human  plasma  BChE  is  synthesized  in  the  liver  and 
secreted  into  the  blood  where  it  has  a  half-life  (tp  of  1 1-14  days 


[3,11].  The  residence  time  of  cholinesterases  in  blood  shows 
a  positive  correlation  with  glycosylation  state  and  tetrameric 
quaternary  configuration,  the  latter  factor  being  more  crucial 
[12,13].  Wild-type  human  BChE  expressed  from  HEK-293  cells 
(human  embryonic  kidney  cells)  and  CHO  (Chinese-hamster 
ovary)  cell  lines  forms  only  approx.  10-30  %  tetramers.  However, 
addition  of  poly(L-proline)  to  the  culture  medium  or  co-expression 
with  the  N-terminus  of  ColQ  [AChE  (acetylcholinesterase)- 
associated  collagen  tail  protein]  including  the  PR  AD  (proline-rich 
attachment  domain)  increased  the  amount  of  tetrameric  BChE 
to  70%  [14,15].  The  PRAD-containing  peptide  co-purified  with 
BChE  tetramers  [15],  indicating  that  this  proline-rich  peptide  not 
only  drives  the  formation  of  tetramers  but  also  is  part  of  the 
final  tetrameric  complex.  These  observations  raised  the  question 
of  whether  native  plasma  BChE  tetramers  contain  a  proline-rich 
peptide. 

In  the  present  study,  we  investigated  the  possibility  that  a  poly¬ 
proline  peptide  is  an  intrinsic  component  of  the  native  plasma 
BChE  tetramer.  Both  purified  human  and  horse  BChEs  were 
studied.  The  proteins  were  denatured  by  boiling  or  by  lowering  the 
pH  with  formic  acid.  Released  peptides  were  purified  by  HPLC 
and  analysed  by  MS.  A  series  of  peptides  was  identified  by 
MALDI  (matrix-assisted  laser-desorption  ionization)-TOE-MS 
(MALDI-time-of-fiight  MS).  The  same  series  of  peptides  was 
found  in  horse  and  human  BChE  samples.  The  peptides  were 


Abbreviations  used:  AChE,  acetylcholinesterase;  a.m.u.,  atomic  mass  unit;  BChE,  butyrylcholinesterase;  CHO,  Chinese-hamster  ovary;  ColQ, 
AChE-associated  collagen  tail  protein;  EPI,  enhanced  product  ion;  ER,  endoplasmic  reticulum;  ESI -MS/MS,  electrospray  ionization  tandem  MS;  OP, 
organophosphorus  toxin;  PRAD,  proline-rich  attachment  domain;  PRiMA,  proline-rich  membrane  anchor;  MALDI,  matrix-assisted  laser-desorption 
ionization;  MALDI-TOF-MS,  MALDI-time-of-flight  MS;  MWCO,  molecular-mass  cut-off;  PH  domain,  pleckstrin  homology  domain;  RAPHl,  Ras-associated 
and  PH  domain-containing  protein  1;  TAP,  transporter  associated  with  antigen  processing. 
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sequenced  by  ESI-MS/MS  (electrospray  ionization  tandem  MS) 
and  Edman  degradation.  These  peptides  all  derived  from  a 
common,  proline-rich  sequence  in  lamellipodin  (gi:82581557), 
which  is  a  membrane-associated  protein  that  participates  in  the 
regulation  of  lamellipodial  protrusion,  a  component  of  directed 
cell  motility  [16].  When  we  added  a  proline-rich  peptide  of  17 
amino  acids  derived  from  lamellipodin  into  the  culture  medium  of 
CHO  cells  expressing  wild-type  human  BChE,  the  peptide  caused 
the  formation  of  BChE  tetramers. 

EXPERIMENTAL 

Human  and  horse  BChEs 

Human  BChE  (accession  number  gi:  116353;  Swiss-Prot  database 
accession  number  P06276)  was  purified  from  plasma  as  described 
previously  [17] .  The  purified  human  BChE  was  at  least  90  %  pure. 
It  was  dissolved  in  0.19  M  NaCl,  20  mM  Tris/HCl  and  0.02% 
sodium  azide  (pH  7.5)  to  an  activity  of  1823  units/ml  (2.5  mg/ml). 
Horse  BChE  was  from  Sigma  (St.  Louis,  MO,  U.S.A.).  The 
purified  horse  BChE,  freeze-dried  out  of  PBS,  was  reconstituted 
by  the  addition  of  water  to  a  concentration  of  2.36  mg  of  BChE 
protein/ml  with  an  activity  of  1700  units/ml.  Activity  was  assayed 
with  1  mM  butyrylthiocholine  in  0. 1  M  potassium  phosphate 
buffer  (pH  7.0)  at  25  °C,  in  the  presence  of  0.5  mM  DTNB  [5,5'- 
dithiobis-(2-nitrobenzoic  acid);  Ellman’s  reagent].  One  unit  of 
activity  is  defined  as  micromoles  of  butyrylthiocholine  hydrolysed 
per  minute.  Pure  BChE  has  an  activity  of  720  units/mg. 

Non-denaturing  gradient  gei  eiectrophoresis 

Polyacrylamide  gradient  gels  (40-30%),  1.5  mm  thick,  were 
prepared  in  a  Hoefer  SE6000  gel  apparatus  (Hoefer  Scientific 
Instruments,  San  Erancisco,  CA,  U.S.A.).  Electrophoresis  was 
at  250  V  constant  voltage  for  16  h  at  4°C.  BChE  samples  were 
diluted  with  PBS  (pH  7.2)  and  mixed  with  50  %  (v/v)  glycerol  in 
0. 1  M  Tris/HCl  (pH  7.5)  to  a  final  glycerol  concentration  of  10  % . 
The  equivalent  of  8  /xg  of  human  or  horse  BChE  was  loaded  on 
to  each  lane  for  gel  staining  with  Coomassie  Brilliant  Blue  R-250 
(Eisher  Scientific). 

Preparation  of  peptides  for  MALDI-TOF-MS 

A  2  ml  portion  of  1823  units/ml  human  BChE  and  2  ml  of 
1700  units/ml  of  horse  BChE  were  put  into  dialysis  bags  with 
an  MWCO  (molecular-mass  cut-off)  of  3000  Da  (Spectrum 
Laboratories,  Rancho  Dominguez,  CA,  U.S.A.)  and  dialysed 
against  4x4  litres  of  double-distilled  water  for  3  days  at  4  °C. 
Approx.  2  ml  of  BChE  solution  was  recovered  from  both  human 
and  horse  samples  after  dialysis.  Each  BChE  sample  was  divided 
into  two  fractions  of  equal  volume.  One  fraction  was  heated  in 
boiling  water  for  5  min  to  denature  the  protein.  The  horse  BChE 
solution  appeared  turbid  after  heating,  so  it  was  briefly  centrifuged 
and  the  precipitate  was  discarded.  All  samples  were  loaded 
into  Centricon  YM-10  centrifugal  filters  (MWCO=10kDa; 
Millipore,  Bedford,  MA,  U.S.A.)  to  separate  peptides  from 
protein.  The  centrifugation  was  in  a  Beckman  CPR  centrifuge  with 
swinging  bucket  rotor  at  3200  g  for  40  min  at  10  °C.  The  solution 
that  passed  through  the  filter  membrane  contained  peptides  and 
was  recovered.  Peptide  solutions  were  concentrated  to  approx. 
50-100  fil  in  a  SpeedVac  prior  to  MALDI  analysis. 

Reverse-phase  HPLC 

To  prepare  BChE  peptide  samples  for  sequencing  and  amino 
acid  composition  analysis,  we  used  a  Waters  625  HPLC  system 


(Milford,  MA,  U.S.A.)  equipped  with  a  Zorbax  300  SB  C-18 
reverse-phase  column  (Agilent  Technologies,  Santa  Clara,  CA, 
U.S.A.).  Purified  human  or  horse  BChE  was  boiled  to  release 
peptides.  An  alternative  method  for  releasing  peptides  was  to  mix 
1  mg  of  BChE  in  0.5  ml  with  0.5  ml  of  formic  acid.  Samples  were 
filtered  through  a  0.2  /xm  syringe  filter  before  injection  into  the 
HPLC. 

The  HPLC  was  operated  at  room  temperature  (22  °C)  at  a  flow 
rate  of  1  ml/min.  Buffer  A  was  0.1%  trifluoroacetic  acid  in  water; 
buffer  B  was  0.07  %  trifluoroacetic  acid  in  acetonitrile.  Peptides 
were  eluted  with  a  gradient  of  0-60  %  buffer  B  in  60  min.  The 
absorbance  was  monitored  at  220  nm.  The  HPLC  eluent  was 
collected  into  1  min  fractions  and  saved  for  analysis. 

MALDI-TOF-MS 

All  MALDI-TOE-MS  experiments  were  performed  on  an 
Applied  Biosystems  Voyager  DE-PRO  workstation  equipped 
with  a  337  nm  pulsed  nitrogen  laser  (Applied  Biosystems, 
Eramingham,  MA,  U.S.A.).  A  1  ml  portion  of  peptide  sample  was 
mixed  1:1  (v/v)  with  the  matrix  solution  a-CHCA  (a-cyano-4- 
hydroxycinnamate;  10  mg/ml  in  50  %  (v/v)  acetonitrile  and  0.3  % 
trifluoroacetic  acid)  on  the  MALDI  target  plate  and  allowed  to 
dry  at  room  temperature.  Mass  spectra  were  acquired  in  positive- 
ion,  linear  mode  under  delayed  extraction  conditions,  using  an 
acceleration  voltage  of  20  kV.  Laser  intensity  was  adjusted  so 
that  the  strongest  ion  intensity  in  a  spectrum  did  not  exceed  80  % 
of  the  maximum  saturated  intensity  value.  Laser  positioning  on 
the  sample  spot  was  monitored  with  a  video  camera.  Spectra 
shown  are  the  average  of  500  laser  shots  collected  from  multiple 
locations  on  the  target  spot.  Calibration  for  the  mass  spectra  was 
performed  externally  using  corticotropin  peptides  (amino  acid 
residues  1-17,  18-39  and  7-38). 

Q-Trap  mass  spectrometer 

The  amino  acid  sequence  of  peptides  released  from  human  and 
horse  BChEs  was  determined  by  collision-activated  dissociation 
in  a  Q-Trap  2000,  a  hybrid  quadrupole  linear  ion  trap  mass 
spectrometer  equipped  with  a  nanospray  interface  (Applied 
Biosystems).  The  spectrometer  was  calibrated  daily  on  selected 
fragments  from  the  collision-activated  spectrum  of  [glutamic 
acid]fibrinopeptide  B.  HPLC  eluent  fractions  containing  target 
peptides  (identified  by  MALDI-TOE-MS)  were  reconstituted 
into  60  %  (v/v)  acetonitrile  and  0.1%  formic  acid  and  then 
loaded  into  a  silver-coated  nano-infusion  emitter  (Econo  12;  New 
Objective,  Woburn,  MA,  U.S.A.)  using  a  gel-loading  pipette  tip 
(GELoader,  Eppendorf,  Westbury,  NY,  U.S.A.).  The  emitter  can 
hold  up  to  12  /xl  of  sample.  The  loaded  emitter  was  fitted  into 
the  Discrete  Nanospray™  head  of  the  nanospray  source  on  the  Q- 
Trap  mass  spectrometer.  Peptides  were  introduced  into  the  mass 
spectrometer  by  means  of  static  infusion,  at  room  temperature, 
using  an  ion  spray  voltage  of  1300  V  (which  creates  a  voltage 
differential  of  1300  V  between  the  emitter  and  the  curtain  plate). 
The  emitter  position  was  optimized  to  obtain  maximum  signal 
intensity.  Mass  spectra  were  collected  in  the  enhanced  mode, 
i.e.  using  the  ion  trap.  Enhanced  mass  spectra  were  collected  to 
identify  the  target  peptide.  EPI  (enhanced  product  ion)  was  used 
for  fragmenting  the  target  peptide.  The  collision  cell  was 
pressurized  to  40  /xtorr  (1  torr  =  0.133  kPa)  with  pure  nitrogen 
and  collision  energies  of  40-50  V  were  used.  The  default  trap  fill 
time  for  each  EPI  scan  was  20  ms.  A  total  of  200  EPI  scans  were 
accumulated  to  generate  the  final  EPI  spectrum.  The  EPI  spectra 
of  the  target  peptide  were  manually  analysed  to  determine  the 
sequence  of  the  peptide. 
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Amino  acid  composition  analysis 

Peptide  samples  were  subjected  to  acid  hydrolysis  in  which  pep¬ 
tides  were  heated  at  110°C  in  6M  HCl  for  20  h.  Composition 
analysis  was  performed  by  a  Hitachi  L-8800  amino  acid  analyser 
(Hitachi,  Tokyo,  Japan),  using  post-column  derivatization,  as 
previously  described  [18]. 

Edman  degradation  sequencing  of  peptides 

A  Procise  494  N-terminal  sequencer  (Applied  Biosystems)  was 
used  to  sequence  peptides  by  Edman  degradation.  Standard 
company  settings  and  running  cycles  were  applied.  Samples  were 
immobilized  on  to  a  PVDF  membrane  for  the  experiment.  A 
detailed  description  of  the  method  can  be  found  in  [19]. 

Lamellipodin  proline-rich  peptide  experiment 

A  17-amino-acid  proline-rich  peptide  derived  from  lamellipodin 
was  custom-synthesized  by  GenScript  (Piscataway,  NJ,  U.S.A.). 
The  sequence  of  the  peptide  was:  PPPPPPPPPPPPPPPLP.  The 
peptide,  dissolved  in  water  and  filter- sterilized,  was  added  to 
the  culture  medium  of  CHO  cells  to  final  concentrations  of  5 
and  50  /xM.  The  CHO  cells  used  in  this  experiment  express  and 
secrete  wild-type  human  BChE  as  described  previously  [15].  A 
20  /xl  portion  of  culture  medium  (with  or  without  the  proline- 
rich  peptide),  along  with  20  /xl  of  human  plasma  as  a  control, 
were  loaded  on  to  a  non-denaturing  polyacrylamide  gel  and 
electrophoresed  at  250  V  constant  voltage  for  16  h  at  4  °C.  The  gel 
was  stained  for  BChE  activity  by  using  the  method  of  Karnovsky 
and  Roots  [20]. 

RESULTS 

Peptides  were  released  from  denatured  BChE  tetramers 

The  purity  of  the  BChE  preparations  used  in  the  present  study 
was  determined  by  non-denaturing  PAGE.  Coomassie  Brilliant 
Blue  staining  of  the  gel  showed  a  heavy  band  migrating 
at  the  position  of  tetrameric  BChE  (for  the  gel  picture, 
see  Supplementary  material  at  http://www.BiochemJ.org/bj/411/ 
bj4110425add.htm).  No  other  bands  can  be  clearly  seen  on  the 
gel.  The  absence  of  an  albumin  band  from  both  samples  rules 
out  the  possibility  that  the  peptides  released  by  boiling  originated 
from  albumin.  This  was  a  concern  because  albumin  sequesters 
low-molecular-mass  peptide  fragments  in  blood  [21]. 

Peptides  released  by  boiling  were  separated  from  BChE  protein 
on  a  centrifugal  filter  with  a  10000  Da  cut-off.  The  pass¬ 
through  solution  was  collected  and  analysed  by  MALDI-TOF- 
MS.  Control  native  BChE  samples,  treated  identically  except  that 
they  were  not  boiled,  were  also  analysed  by  MALDI-TOE.  As 
shown  in  Figure  1(A),  the  pass-through  solution  from  native 
human  BChE  sample  (upper  panel)  gave  virtually  no  peptides, 
whereas  the  pass-through  solution  from  boiled  human  BChE 
(lower  panel)  gave  a  series  of  peptides,  ranging  from  approx. 
2000  Da  to  3000  Da.  Similar  observations  were  made  for  the 
horse  BChE  samples  (Figure  IB). 

Table  1  lists  the  masses  of  the  peptides  released  from  horse  and 
human  BChEs  observed  in  the  MALDI  spectra.  The  differences 
between  masses  show  that  most  of  these  peptides  differ  by 
single  amino  acids.  For  example,  in  the  human  preparation,  the 
difference  between  the  2171.5  and  2074.3  masses  is  97.2  a.m.u. 
(atomic  mass  unit),  which  is  the  dehydro-mass  of  proline  [19].  The 
difference  between  the  217 1 .5  and  2285. 1  masses  is  1 13.6  (leucine 
or  isoleucine),  between  2452.8  and  2566.7  is  113.9  (asparagine), 
between  2566.7  and  2663.7  is  97.0  (proline)  and  between  2663.7 
and  2878.5  is  214.8  (consistent  with  serine  plus  glutamine).  These 


Mass  (mf^) 


Figure  1  MALDI  mass  spectra  of  peptides  released  from  native  or 
denatured  plasma  BChE 

Purified  plasma  BChE  from  either  human  (A)  or  horse  (B)  was  divided  into  two  fractions.  One 
fraction  was  boiled  and  the  other  was  not  boiled.  Peptides  were  separated  from  the  native  and 
denatured  proteins  and  subjected  to  MALDI  analysis.  Native  human  and  horse  BChE  samples 
(upper  panels  of  A  and  B)  released  no  peptides.  A  series  of  peptides  can  be  identified  from  both 
denatured  human  and  horse  BChE  samples  (lower  panels  of  A  and  B). 

Table  1  Summary  of  the  peptide  masses  released  from  denatured  human 
and  horse  plasma  BChE  tetramers 


Only  peaks  greater  than  2000  Da  are  recorded  in  the  Table.  Each  peak  is  the  most  intense  peak 
in  a  group  of  three  related  peaks.  A  detailed  explanation  for  the  nature  of  the  peaks  in  each  group 
is  given  in  the  text. 


Sample 

Observed  peptide  mass  (Da) 

Human 

2074.3  2171.5 

2285.1  - 

2566.7 

2663.7 

2795.8 

2878.5 

3158.5 

Horse 

2171.2 

2285.3  2452.8 

2566.3 

2663.5 

2795.7 

2878.6 

3158.8 

observations  suggest  that  these  masses  represent  a  family 
of  related  peptides  and  not  a  collection  of  wholly  different 
sequences.  Similar  observations  can  be  made  for  the  peptides 
from  the  horse  BChE  preparation. 

The  denatured  samples  from  both  horse  and  human  BChEs 
contain  nearly  identical  sets  of  peptides  (Table  1),  even  though 
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Figure  2  Sequencing  of  peptide  2566  (A)  and  peptide  2663  (B)  by  using  ESi-MS/MS  fragment  ion  spectra 

The  peak  labelled  with  an  asterisk  in  (A)  has  an  m/z  value  of  1283.6,  which  represents  the  doubly  charged  state  of  peptide  2566.  The  peak  labelled  with  an  asterisk  in  (B)  has  an  m/z  value  of  1332.3, 
which  represents  the  doubly  charged  state  of  peptide  2663.  Major  y-series  fragment  ions  used  in  sequencing  the  peptides  are  labelled.  Major  b-series  product  ions  can  also  be  readily  identified  in 
the  two  spectra  and  were  used  to  sequence  the  peptides  from  the  N-terminus.  cps,  counts  per  s. 


they  are  from  two  different  species  and  two  different  preparations. 
These  results  strongly  suggest  that  the  peptides  are  not  due  to 
contamination  of  the  BChE  samples  during  purification.  The  fact 
that  this  series  of  peptides  can  only  be  found  after  denaturation 
of  BChE  further  suggests  that  the  peptides  are  part  of  the  BChE 
tetrameric  structure  and  are  not  adventitiously  bound  to  the  surface 
of  BChE.  Einally,  the  peptides  are  not  attached  through  disulfide 
bonds,  as  no  reducing  agent  was  required  for  their  release. 

One  final  point  concerning  the  complexity  of  the  MALDI 
spectrum  should  be  mentioned.  Each  labelled  peptide  in  Eigure  2 
is  the  most  intense  peak  in  a  group  of  three  peaks.  The  second  most 
intense  peak  is  22  a.m.u.  heavier  than  the  first  and  the  least  intense 
peak  is  22  a.m.u.  heavier  than  the  second.  This  is  consistent  with 
sodium  ion  adducts  contributing  the  positive  charge,  instead  of  a 
hydrogen  ion. 

The  peptides  released  from  denatured  BChE  are  proline-rich 

Peptides  released  from  BChE  by  boiling  were  separated  from 
BChE  protein  and  partially  resolved  from  one  another  by  HPLC. 
HPLC -purified  peptides  were  electrospray ed  into  the  Q-Trap  mass 
spectrometer  where  fragment  ion  spectra  of  selected  peptides  were 
generated  through  collision-activated  dissociation.  Eigures  2(A) 
and  2(B)  show  the  fragment  ion  spectra  of  peptides  2566  and 


2663  respectively.  The  peptide  sequences  were  determined  from 
the  fragment  ion  spectra. 

The  spectrum  of  peptide  2566  revealed  y-series  ions  that 
contained  12  proline  residues  in  a  row  with  a  Pro(Leu/Ile)Pro 
sequence  at  the  C-terminus.  The  b-ion  series,  although  present 
in  the  spectrum,  was  less  easily  interpreted.  This  is  because 
several  different  /^-series  sequences  of  equivalent  intensity  could 
be  identified.  We  attribute  this  multitude  of  sequences  to  internal 
fragmentation.  Each  of  these  sequences  included  an  N-terminal 
residue  (either  proline  or  serine),  but  the  true  N-terminus  could 
not  be  unequivocally  assigned.  A  leucine/isoleucine  was  also 
frequently  observed  in  the  first  five  N-terminal  residues.  After 
the  first  few  N-terminal  residues,  each  b-ion  sequence  became 
a  string  of  proline  residues.  Up  to  12  proline  residues  in  a 
row  were  observed.  Because  of  this  complexity,  the  complete 
sequence  of  this  peptide  could  not  be  determined  from  the  Q- 
Trap  data  alone.  However,  the  sequence  data  together  with  the 
peptide  mass  suggested  that  peptide  2566  contained  at  least 
20  consecutive  proline  residues,  as  well  as  one  serine  and 
two  leucine/isoleucine  residues.  The  fragmentation  pattern  of 
peptide  2663  was  nearly  identical  with  that  of  peptide  2566. 
It  also  revealed  a  Pro(Leu/Ile)Pro  C-terminus  followed  by  a 
string  of  proline  residues  (at  least  19).  The  similarity  of  these 
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Figure  3  MALDI  mass  spectrum  of  human  BChE-associated  peptides 

This  peptide  sample  was  purified  on  a  C-18  reverse-phase  HPLC  column  (see  the  Experimental 
section)  and  sequenced  by  Edman  degradation. 


fragmentation  patterns  supports  the  proposal  that  these  peptides 
are  representative  members  of  a  family. 

The  HPLC  fraction  containing  peptides  2566  and  2663  was 
further  purified  by  using  reverse-phase  HPLC.  The  resulting 
sample,  which  contained  only  peptides  2566  and  2663  (Figure  3), 
was  subjected  to  amino  acid  composition  analysis  and  amino  acid 
sequencing  by  Edman  degradation.  The  composition  analysis  data 
indicated  that  the  unit  composition  of  the  sample  was  24  proline, 
two  leucine  and  one  serine  residues.  This  is  comparable  with  the 
composition  obtained  from  the  mass  spectral  sequence  analysis. 

Edman  degradation  generated  the  complete  sequence  of  the 
two  peptides:  the  sequence  of  one  peptide  was  SPPLPPPPP- 
PPPPPPPPPPPPPPPLP,  and  the  sequence  of  the  other  peptide  was 
PSPPLPPPPPPPPPPPPPPPPPPPPLP.  The  two  sequences  match 
the  sequences  for  the  peptides  2566  and  2663  obtained  by  MS 
and  confirm  that  they  indeed  differ  only  by  an  N-terminal  proline 
residue. 

Similar  purification  and  sequencing  experiments  were  applied 
to  the  horse  BChE  peptide  samples  (results  not  shown)  and  the 
results  showed  that  horse  peptides  2566  and  2663  had  exactly 
the  same  sequences  as  their  human  counterparts. 

ESI-MS/MS  sequencing  was  also  performed  on  other  peptides 
in  Table  1 .  All  peptides  contained  a  string  of  proline  residues,  indi¬ 
cating  the  poly-proline  core  sequence.  This  supports  the  proposal 
that  they  all  derived  from  a  common  source  protein. 


Peptides  released  from  denatured  BChE  originate  from  RAPH1 
[Ras-associated  and  PH  domain  (pleckstrin  homology 
domain)-containing  protein  1],  also  called  lamellipodin 

Peptide  PSPPLPPPPPPPPPPPPPPPPPPPPLP  (molecular 
mass  =  2663.2  Da)  was  used  to  query  the  NCBI  (National  Center 
for  Biotechnology  Information)  non-redundant  human  protein 
database  by  using  BLAST.  RAPHl  (gi:82581557)  was  the  only 
protein  that  exactly  matched  the  query  sequence.  This  protein 
is  also  called  lamellipodin,  or  proline-rich  EVHl  [Ena/VASP 
(vasodilator- stimulated  phosphoprotein)  homology  1]  ligand 
2  [16].  The  partial  sequence  information  that  we  obtained 
from  all  the  other  peptides  also  fit  the  lamellipodin  sequence. 
Lamellipodin  is  thus  identified  as  the  source  of  the  peptides 
released  from  denatured  human  BChE. 

By  combining  the  peptide  masses  from  the  MALDI-TOF-MS 
with  the  ESI-MS/MS  sequencing  results  and  the  sequence  of 
human  lamellipodin,  we  were  able  to  obtain  complete  sequences 
that  were  consistent  with  all  of  the  masses  observed  in  the  MALDI 
spectra  from  the  denatured  BChE  tetramers,  except  one.  Only  the 
sequence  of  peptide  3158  was  not  identified.  No  portion  of 
the  proline-rich  core  sequence  of  lamellipodin  yielded  this  mass. 
A  list  of  the  peptides  is  given  in  Table  2. 

There  is  no  horse  protein  database  available  for  a  BLAST- 
like  query  at  this  time.  However,  given  the  observed  similarity 
between  the  peptide  masses  and  peptide  sequences  from  human 
and  horse  BChEs,  it  is  reasonable  to  predict  that  peptides  released 
from  horse  BChE  originate  from  a  horse  protein  closely  related 
to  human  lamellipodin. 

Prollne-rich  peptide  derived  from  lamellipodin  caused  assembly  of 
BChE  Into  tetramers 

Previous  studies  showed  that  addition  of  poly(L-proline)  peptide 
into  the  culture  media  of  CHO  cells  expressing  wild- type  human 
BChE  increased  the  proportion  of  BChE  tetramers  and  decreased 
the  amount  of  dimers  and  monomers  [15].  To  investigate 
whether  the  proline-rich  peptides  we  identified  from  plasma 
BChE  can  drive  the  formation  of  BChE  tetramers,  we  expressed 
wild- type  human  BChE  in  CHO  cells  in  the  presence  of  a 
17-mer  proline-rich  peptide  with  the  sequence  PPPPPPPPPP- 
PPPPPLP.  This  peptide  accounts  for  amino  acids  686-702  in 
the  human  lamellipodin  sequence  (gi: 8258 1557).  As  shown 


Table  2  Amino  acid  sequences  of  BChE-associated  peptides 


Observed  m/z* 

Theoretical  m/zt 

Peptide  sequence]: 

2074.3 

2074.5 

‘*'PPPPPPPPPPPPPPPPPPPLP™' 

2171.5 

2171.6 

“■PPPPPPPPPPPPPPPPPPPPLP™" 

2285.1 

2284.8 

““LPPPPPPPPPPPPPPPPPPPPLP’"' 

2452.8§ 

2452.9 

™PSPPLPPPPPPPPPPPPPPPPPPPP™ 

2566.7 

2566.1 

"PSPPLPPPPPPPPPPPPPPPPPPPPLP™" 

2663.7 

2663.2 

^PSPPLPPPPPPPPPPPPPPPPPPPPLP™" 

2795.8 

2795.2 

‘“PPPPPPPPPPPPPPPPPPLPSQSAPSAGSAAP"'* 

2878.5 

2878.4 

™PSPPLPPPPPPPPPPPPPPPPPPPPLPSQ™ 

*  Masses  are  from  Table  1. 

tThe  theoretical  m/z  value  of  a  peptide  reflects  the  singly  charged  state  of  the  peptide  and  was  calculated  using  an  online  tool  provided  by  the  University  of  Cambridge 
(http://www.ch.cam.ac.uk/magnus/MolWeight.html). 

tTo  more  clearly  demonstrate  the  relationships  between  the  peptides,  each  peptide  sequence  is  labelled  at  its  N-  and  C-termini  with  its  position  in  human  lamellipodin  (gi:82581557), 
and  all  peptides  are  aligned  in  accordance  with  their  relative  position  in  lamellipodin.  A  peptide  from  lamellipodin  that  encompasses  all  the  observed  data  has  the  sequence: 

Y6^TASQPSPPLPPPPPPPPPPPPPPPPPPPPLPSQSAPSAGSAAPMEVKYS^2o 

§  Peptide  2452  was  only  observed  in  the  horse  BChE  sample.  It  is  listed  here  because  it  fits  well  in  the  sequence  assignment  from  the  lamellipodin  protein. 
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Figure  4  Lamellipodin  proline-rich  peptide  promotes  BChE  tetramerization 

A  non-denaturing  gel  was  stained  for  BChE  activity.  Lane  1,  human  plasma;  lane  2,  culture 
medium  without  proline-rich  peptide;  lane  3,  culture  medium  with  5  /xM  proline-rich  peptide; 
lane  4,  culture  medium  with  50  /xM  proline-rich  peptide. 


in  Figure  4,  addition  of  the  lamellipodin-derived  proline-rich 
peptide  to  the  culture  medium  increased  the  proportion  of  BChE 
tetramers  from  approx.  10  %  to  approx.  60  %  (5  /xM  final  peptide 
concentration  in  the  culture  medium)  or  80  %  (50  /xM  final 
peptide  concentration  in  the  culture  medium).  The  proportion 
of  BChE  dimers  and  monomers  in  the  culture  medium  was 
correspondingly  decreased.  These  results  indicated  that  the  pro- 
line-rich  peptides  we  found  in  plasma  BChE  can  guide  the 
tetramerization  of  BChE. 

DISCUSSION 

The  tetramer-organizing  function  of  proline-rich  peptides 

Our  finding  that  the  serum  BChE  tetramer  is  associated  with 
a  family  of  proline-rich  peptides  derived  from  lamellipodin 
establishes  the  identity  of  the  tetramer-organizing  peptide  as 
PSPPLPPPPPPPPPPPPPPPPPPPPLP  (and  variations  thereof).  It 
thereby  defines  a  new,  naturally  occurring  tetramerization  peptide. 
Previously,  membrane-bound  forms  of  BChE  and  AChE  have 
been  shown  to  be  associated  with  the  proline-rich  regions  of 
ColQ  and  PRiMA  (proline-rich  membrane  anchor)  [22,23].  Our 
finding  reinforces  the  requirement  for  a  proline-rich  peptide  in 
the  formation  of  tetrameric  cholinesterase  structures.  Also,  it 
opens  the  possibility  that  other,  yet  unidentified  forms  of  tetramer- 
organizing  peptide  may  exist  for  cholinesterases  in  other  tissues. 

Association  of  BChE  with  lamellipodin-derived  peptide 

Plasma  BChE  is  secreted  into  the  blood  from  the  liver. 
Secreted  proteins  are  synthesized  in  the  rough  ER  (endoplasmic 
reticulum)  and  transported  into  the  Golgi  complex  where  they  are 
glycosylated,  assembled  and  packed  into  vesicles  that  are  destined 
for  secretion.  Lamellipodin,  on  the  other  hand,  is  a  cytosolic 
protein  [16].  The  molecular  pathway  that  directs  the  association 
of  BChE  and  lamellipodin-derived  proline-rich  peptide  is  unclear. 
However,  the  events  leading  to  the  generation  of  peptides  used  by 
MHC  class  I  molecules  for  cellular  immune  response  may  provide 
a  hint  for  the  answer. 

Approximately  one-third  of  newly  synthesized  proteins  are 
rapidly  degraded  by  proteasomes  in  the  cytosol  under  physio¬ 
logical  conditions  [24].  The  peptides  needed  for  antigen 
presentation  are  generated  in  the  cytosol  by  cleavage  of  endogen¬ 


ous  proteins  and  are  displayed  on  the  cell  surface  by  MHC  class  I 
molecules,  which  are  present  on  nearly  all  nucleated  cells  [25]. 
TAPs  (transporters  associated  with  antigen  processing)  are  located 
on  the  ER  membrane  and  are  responsible  for  moving  peptides 
from  the  cytosol  into  the  ER  for  binding  with  MHC  class  I 
molecules.  TAPs  translocate  peptides  with  broad  specificity. 
Although  it  is  most  efficient  for  peptides  of  8-12  amino  acids, 
peptides  of  up  to  40  amino  acids  can  also  be  transported  into  the 
ER  by  TAPs  [26].  It  is  conceivable  that  the  cytosolic  protein 
lamellipodin  is  degraded  in  the  cytosol  by  proteasomes  and 
the  resulting  peptides,  including  the  proline-rich  peptides  we 
identified  in  the  present  study,  are  transported  into  ER  by  TAPs, 
where  they  associate  with  newly  synthesized  BChE  molecules  to 
form  tetramers. 

The  heterogeneity  of  the  proline-rich  peptide 

A  total  of  eight  proline-rich  peptides  were  identified  from  human 
and  horse  BChE  samples,  all  inter-related  and  originating  from 
the  same  protein  (see  Table  2).  The  proteasome  in  the  cytosol 
is  a  protein  complex  and  can  cleave  at  nearly  every  position 
of  a  protein  [27].  Other  proteases  in  the  cytosol,  such  as  IFN 
(interferon)- y -inducible  leucine  aminopeptidase  and  tripeptidyl 
peptidase  II,  have  been  shown  to  work  along  with  proteasomes 
in  processing  peptides  to  be  transported  into  the  ER  by  TAPs 
[28,29].  All  the  above-mentioned  proteases  may  contribute  to 
produce  a  mixture  of  lamellipodin-derived  proline-rich  peptides 
that  are  imported  into  the  ER  for  interaction  with  BChE. 

Alternatively,  the  peptides  we  observed  might  all  derive  from 
a  single  progenitor  peptide  that  was  progressively  proteolysed, 
from  both  the  N-  and  C-termini,  while  attached  to  the  BChE 
tetramer  during  circulation  in  the  blood.  Koomen  et  al.  [30] 
found  progressive  N-  and  C-terminal  proteolysis  of  naturally 
occurring  peptides  by  aminopeptidases  and  carboxypeptidases 
in  blood  to  be  the  general  rule.  This  resulted  in  families  of 
peptides  with  variously  truncated  N-  and  C-termini  [30] .  However, 
if  the  observed  heterogeneity  in  the  proline-rich  peptides  is 
due  to  proteolysis  in  the  circulation,  then  that  proteolysis 
would  have  had  to  have  happened  while  the  peptide  was 
bound  to  BChE.  Dvir  et  al.  [22]  showed  that  the  14-residue 
ColQ  PRAD  peptide  (LLTPPPPPLFPPPFF)  was  longer  than  the 
tetramerization  domain  of  AChE  and  the  length  of  the  tetra¬ 
merization  domain  was  about  the  same  as  the  thickness  of  the 
AChE  tetramer.  Furthermore,  they  showed  that  if  a  larger  proline- 
rich  peptide  was  complexed  with  AChE,  the  C-terminus  could 
pass  easily  between  the  AChE  subunits  in  one  direction  while  the 
N-terminus  could  pass  out  beyond  the  end  of  the  tetramerization 
domain  in  the  other  direction.  BChE  is  nearly  identical  in  structure 
with  AChE  [31].  Therefore  the  AChE  models  should  apply  equally 
well  to  BChE.  We  found  various  proline-rich  peptides  attached 
to  BChE  that  included  residues  676-714  from  lamellipodin.  That 
suggests  that  the  original  peptide  may  have  been  up  to  39  residues 
long.  As  such,  it  should  have  been  long  enough  to  extend  beyond 
the  protection  of  the  BChE  molecule  in  both  directions,  making 
it  accessible  to  the  peptidases  in  blood,  and  thus  susceptible  to 
degradation  during  circulation. 

C5  genetic  variant  of  human  BChE 

Approx.  8  %  of  Caucasians  have  a  variant  form  of  serum  BChE, 
named  C5,  which  migrates  more  slowly  than  the  normal  serum 
BChE  during  electrophoresis  on  non-denaturing  polyacrylamide 
gels  [32,33].  Studies  on  the  C5  BChE  showed  that  it  consists 
of  the  normal  BChE  tetramer  non-covalently  associated  with  an 
unknown  protein  component  with  an  estimated  molecular  mass 
of  60  kDa.  The  coding  gene  for  this  unknown  protein  is  located 
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on  chromosome  2q33-q35  [34].  The  human  lamellipodin  gene  is 
also  located  on  chromosome  2q33  (obtained  from  NCBI  GENE 
database  under  the  gene  name  RAPHl).  This  striking  coincidence 
suggests  that  the  unknown  protein  component  of  C5  BChE  could 
actually  be  a  truncated  form  of  lamellipodin.  If  this  is  true, 
the  presence  of  C5  BChE  in  blood  may  suggest  malfunctioning 
of  a  certain  protease  or  a  protein-processing  pathway  in  the 
liver.  Although  C5  BChE  carriers  do  not  show  any  pathology, 
further  investigation  in  this  direction  may  have  broader  clinical 
significance. 

Tetrameric  BChE  has  a  longer  half-life  in  the  circulation 

Proteins  and  peptides  in  blood  are  constantly  subjected  to  renal 
clearance  and  enzymatic  degradation.  Their  circulation  half-life 
ranges  from  a  few  minutes  to  several  days  [35].  The  therapeutic 
potential  of  BChE  against  organophosphate  toxicants  (nerve 
agents  and  pesticides)  relies  heavily  on  its  ability  to  stay  in 
the  circulation  for  a  prolonged  period.  Native  and  recombinant 
BChE  tetramers  showed  a  half-life  of  16-56  h  in  rodents  in 
various  studies,  whereas  recombinant  human  BChE  monomers 
and  dimers  only  have  a  half-life  of  2-300  min  [12,36].  Therefore 
expression  of  the  tetrameric  form  of  recombinant  BChE  is  an 
important  factor  in  creating  a  viable  therapeutic  agent.  Our 
discovery  of  the  native  proline -rich  peptide  that  is  responsible 
for  the  formation  of  the  human  serum  BChE  tetramer  should 
contribute  to  the  creation  of  an  expressed,  tetrameric  form  of 
BChE  that  will  be  stable  in  the  circulation.  This  fulfils  critical 
criteria  in  developing  BChE  into  an  antinerve  agent  therapeutic. 

MS,  Edman  degradation  and  amino  acid  composition  anaiysis  were  performed  with  the 
support  of  the  Protein  Structure  Core  Faciiity  at  the  University  of  Nebraska  Medicai  Center. 
This  work  was  supported  by  U.S.  Army  Medicai  Research  and  Materiei  Command  contract 
W81XWH-06-1-0102,  Edgewood  Bioiogicai  Chemicai  Center  contract  W91 1 SR-04-C- 
0019,  Eppiey  Cancer  Center  grant  P30CA36727  and  NIH  (Nationai  Institutes  of  Heaith) 
grant  1  U01  NS058056-01. 


REFERENCES 

1  Jbiio,  0.,  Barteis,  C.  R,  Chatonnet,  A.,  Toutant,  J.  P.  and  Lockridge,  0.  (1994)  Tissue 
distribution  of  human  acetyichoiinesterase  and  butyrylchoiinesterase  messenger  RNA. 
Toxicon  32,1445-1457 

2  Li,  B.,  Stribiey,  J.  A.,  Ticu,  A.,  Xie,  W.,  Schopfer,  L.  M.,  Hammond,  R,  Brimijoin,  S., 
Hinrichs,  S.  H.  and  Lockridge,  0.  (2000)  Abundant  tissue  butyrylchoiinesterase  and  its 
possibie  function  in  the  acetyichoiinesterase  knockout  mouse.  J.  Neurochem.  75, 
1320-1331 

3  Lockridge,  0.  and  Masson,  P.  (2000)  Pesticides  and  susceptibie  popuiations:  Peopie  with 
butyrylchoiinesterase  genetic  variants  may  be  at  risk.  Neurotoxicoiogy  21, 113-126 

4  Mesuiam,  M.  M.,  Guiiiozet,  A.,  Shaw,  R,  Levey,  A.,  Duysen,  E.  G.  and  Lockridge,  0. 
(2002)  Acetyichoiinesterase  knockouts  estabiish  centrai  choiinergic  pathways  and  can 
use  butyrylchoiinesterase  to  hydroiyze  acetyichoiine.  Neuroscience  110, 627-639 

5  Mesuiam,  M.,  Guiiiozet,  A.,  Shaw,  P.  and  Quinn,  B.  (2002)  Wideiy  spread 
butyrylchoiinesterase  can  hydroiyze  acetyichoiine  in  the  normai  and  Alzheimer  brain. 
Neurobioi.  Dis.  9,  88-93 

6  Giacobini,  E.  (2003)  Choiinesterases  and  Choiinesterase  Inhibitors,  pp.  1-19,  Informa 
Healthcare,  London 

7  Raveh,  L.,  Grunwald,  J.,  Marcus,  D.,  Papier,  Y,  Cohen,  E.  and  Ashani,  Y.  (1993)  Human 
butyrylchoiinesterase  as  a  generai  prophylactic  antidote  for  nerve  agent  toxicity.  In  vitro 
and  in  vivo  quantitative  characterization.  Biochem.  Pharmacoi.  45, 2465-2474 

8  Raveh,  L.,  Grauer,  E.,  Grunwaid,  J.,  Cohen,  E.  and  Ashani,  Y.  (1997)  The  stoichiometry  of 
protection  against  soman  and  VX  toxicity  in  monkeys  pretreated  with  human 
butyrylchoiinesterase.  Toxicoi.  Appl.  Pharmacoi.  145, 43-53 

9  Lenz,  D.  E.,  Maxweii,  D.  M.,  Kopiovitz,  I.,  Ciark,  C.  R.,  Capacio,  B.  R.,  Cerasoii,  D.  M., 
Federko,  J.  M.,  Luo,  C.,  Saxena,  A.,  Doctor,  B.  P.  and  Oison,  C.  (2005)  Protection  against 
soman  or  VX  poisoning  by  human  butyrylchoiinesterase  in  guinea  pigs  and  cynomoigus 
monkeys.  Chem.  Bioi.  interact.  157-158, 205-210 


10  Huang,  Y.  J.,  Huang,  Y,  Baidassarre,  H.,  Wang,  B.,  Lazaris,  A.,  Leduc,  M.,  Bilodeau,  A.  S., 
Bellemare,  A.,  Cote,  M.,  Herskovits,  P.  etal.  (2007)  Recombinant  human 
butyrylchoiinesterase  from  milk  of  transgenic  animais  to  protect  against  organophosphate 
poisoning.  Proc.  Nati.  Acad.  Sci.  U.S.A.  104, 13603-13608 

11  Ostergaard,  D.,  Viby-Mogensen,  J.,  Hanei,  H.  K.  and  Skovgaard,  L.  T.  (1988)  Haif-iife  of 
piasma  choiinesterase.  Acta  Anaesthesioi.  Scand.  32, 266-269 

12  Saxena,  A.,  Ashani,  Y,  Raveh,  L.,  Stevenson,  D.,  Patei,  T.  and  Doctor,  B.  P.  (1998)  Roie  of 
oiigosaccharides  in  the  pharmacokinetics  of  tissue-derived  and  geneticaiiy  engineered 
choiinesterases.  Moi.  Pharmacoi.  53, 112-122 

13  Chitiaru,  T,  Kronman,  C.,  Veian,  B.  and  Shafferman,  A.  (2001)  Effect  of  human 
acetyichoiinesterase  subunit  assembiy  on  its  circuiatory  residence.  Biochem.  J.  354, 
613-625 

14  Blong,  R.  M.,  Bedows,  E.  and  Lockridge,  0.  (1997)  Tetramerization  domain  of  human 
butyrylchoiinesterase  is  at  the  C-terminus.  Biochem.  J.  327, 747-757 

1 5  Altamirano,  C.  V.  and  Lockridge,  0.  (1 999)  Conserved  aromatic  residues  of  the 
C-terminus  of  human  butyrylchoiinesterase  mediate  the  association  of  tetramers. 
Biochemistry  38, 13414-13422 

16  Krause,  M.,  Lesiie,  J.  D.,  Stewart,  M.,  Lafuente,  E.  M.,  Vaiderrama,  R,  Jagannathan,  R., 
Strasser,  G.  A.,  Rubinson,  D.  A.,  Liu,  H.,  Way,  M.  etai.  (2004)  Lameiiipodin,  an  Ena/VASP 
iigand,  is  implicated  in  the  reguiation  of  iameiiipodiai  dynamics.  Dev.  Ceii  7, 571-583 

1 7  Lockridge,  0.,  Schopfer,  L.  M.,  Winger,  G.  and  Woods,  G.  H.  (2005)  Large  scaie 
purification  of  butyrylchoiinesterase  from  human  plasma  suitable  for  injection  into 
monkeys;  a  potentiai  new  therapeutic  for  protection  against  cocaine  and  nerve  agent 
toxicity.  J.  Med.  Chem.  Bioi.  Radioi.  Def.  3,  nihms5095 

18  Smith,  A.  J.  (2002)  Post  coiumn  amino  acid  anaiysis.  in  Protein  Sequencing  Protocois 
(Smith,  B.  J.,  ed.),  pp.  133-142,  Humana  Press,  Totowa,  NJ 

19  Jackson,  P.  J.  (1998)  Quaiity  controi  and  protein  primary  structure  by  automated 
sequencing  and  mass  spectrometry.  In  Bioseparation  and  Bioprocessing:  A  Handbook 
(Subramanian,  G.,  ed.),  pp.  291-323,  John  Wiley  &  Sons,  Hoboken 

20  Karnovsky,  M.  J.  and  Roots,  L.  (1964)  A  ‘direct-coloring’  thiochoiine  method  for 
choiinesterases.  J.  Histochem.  Cytochem.  12, 219-221 

21  Lowenthai,  M.  S.,  Mehta,  A.  I.,  Frogaie,  K.,  Bandie,  R.  W.,  Araujo,  R.  R,  Hood,  B.  L., 
Veenstra,  T.  D.,  Conrads,  T.  R,  Goidsmith,  R,  Fishman,  D.  et  ai.  (2005)  Anaiysis  of 
aibumin-associated  peptides  and  proteins  from  ovarian  cancer  patients.  Ciin.  Chem.  51 , 
1933-1945 

22  Dvir,  H.,  Harei,  M.,  Bon,  S.,  Liu,  W.  Q.,  Vidai,  M.,  Garbay,  C.,  Sussman,  J.  L.,  Massouiie, 
J.  and  Siiman,  I.  (2004)  The  synaptic  acetyichoiinesterase  tetramer  assembies  around  a 
poiyproiine  ii  heiix.  EMBO  J.  23, 4394-4405 

23  Feng,  G.,  Krejci,  E.,  Moigo,  J.,  Cunningham,  J.  M.,  Massouiie,  J.  and  Sanes,  J.  R.  (1999) 
Genetic  anaiysis  of  coiiagen  Q:  roies  in  acetyichoiinesterase  and  butyrylchoiinesterase 
assembiy  and  in  synaptic  structure  and  function.  J.  Ceii  Bioi.  144, 1349-1360 

24  Schubert,  U.,  Anton,  L.  C.,  Gibbs,  J.,  Norbury,  C.  C.,  Yewdeii,  J.  W.  and  Bennink,  J.  R. 
(2000)  Rapid  degradation  of  a  iarge  fraction  of  newly  synthesized  proteins  by 
proteasomes.  Nature  404, 770-774 

25  Lankat-Buttgereit,  B.  and  Tampe,  R.  (2002)  The  transporter  associated  with  antigen 
processing:  function  and  implications  in  human  diseases.  Physioi.  Rev.  82, 187-204 

26  Koopmann,  J.  0.,  Post,  M.,  Neefjes,  J.  J.,  Hammerling,  G.  J.  and  Momburg,  F.  (1996) 
Transiocation  of  iong  peptides  by  transporters  associated  with  antigen  processing  (TAP). 
Eur.J.lmmunoi.  26, 1720-1728 

27  Ehring,  B.,  Meyer,  T.  H.,  Eckerskorn,  C.,  Lottspeich,  F.  and  Tampe,  R.  (1996)  Effects  of 
major-histocompatibiiity-complex-encoded  subunits  on  the  peptidase  and  proteoiytic 
activities  of  human  20S  proteasomes.  Cieavage  of  proteins  and  antigenic  peptides. 

Eur.  J.  Biochem.  235,  404-415 

28  Beninga,  J.,  Rock,  K.  L.  and  Goidberg,  A.  L.  (1998)  Interferon-}/  can  stimulate 
post-proteasomal  trimming  of  the  N  terminus  of  an  antigenic  peptide  by  inducing  leucine 
aminopeptidase.  J.  Bioi.  Chem.  273, 18734-18742 

29  Geier,  E.,  Pfeifer,  G.,  Wilm,  M.,  Lucchiari-Hartz,  M.,  Baumeister,  W.,  Eichmann,  K.  and 
Niedermann,  G.  (1999)  A  giant  protease  with  potentiai  to  substitute  for  some  functions  of 
the  proteasome.  Science  283, 978-981 

30  Koomen,  J.  M.,  Li,  D.,  Xiao,  L.  C.,  Liu,  T.  C.,  Coombes,  K.  R.,  Abbruzzese,  J.  and 
Kobayashi,  R.  (2005)  Direct  tandem  mass  spectrometry  reveais  iimitations  in  protein 
profiiing  experiments  for  plasma  biomarker  discovery.  J.  Proteome  Res.  4, 972-981 

31  Nicoiet,  Y,  Lockridge,  0.,  Masson,  R,  Fonteciiia-Camps,  J.  C.  and  Nachon,  F.  (2003) 
Crystai  structure  of  human  butyrylchoiinesterase  and  of  its  complexes  with  substrate  and 
products.  J.  Bioi.  Chem.  278,  41141-41147 

32  Masson,  R,  Chatonnet,  A.  and  Lockridge,  0.  (1990)  Evidence  for  a  single 
butyrylcholinesterase  gene  in  individuais  carrying  the  C5  piasma  choiinesterase  variant 
(CHE2).FEBS  Lett.  262,115-118 


©  The  Authors  Journal  compilation  ©  2008  Biochemical  Society 


432 


H.  Li  and  others 


33  Simpson,  N.  E.  (1972)  Polyacrylamide  electrophoresis  used  for  the  detection  of  C5+ 
cholinesterase  in  Canadian  Caucasians,  Indians,  and  Eskimos.  Am.  J.  Hum.  Genet.  24, 
317-320 

34  Eiberg,  H.,  Nielsen,  L.  S.,  Klausen,  J.,  Dahlen,  M.,  Kristensen,  M.,  Bisgaard,  M.  L.,  Moller, 
N.  and  Mohr,  J.  (1989)  Linkage  between  serum  cholinesterase  2  (CHE2)  and  gamma- 
crystallin  gene  cluster  (CRYG):  assignment  to  chromosome  2.  Clin.  Genet.  35, 313-321 


35  Werle,  M.  and  Bernkop-Schnurch,  A.  (2006)  Strategies  to  improve  plasma  half  life  time  of 
peptide  and  protein  drugs.  Amino  Acids  30, 351-367 

36  Duysen,  E.  G.,  Bartels,  C.  E.  and  Lockridge,  0.  (2002)  Wild-type  and  A328W  mutant 
human  butyrylcholinesterase  tetramers  expressed  in  Chinese  hamster  ovary  cells  have  a 
16-hour  half-life  in  the  circulation  and  protect  mice  from  cocaine  toxicity.  J.  Pharmacol. 
Exp.  Then  302,  751-758 


Received  14  November  2007;  accepted  12  December  2007 

Published  as  BJ  Immediate  Publication  12  December  2007,  doi:10.1042/BJ20071551 


©  The  Authors  Journal  compilation  ©  2008  Biochemical  Society 


Chemico-Biological  Interactions  175  (2008)  68-72 


ELSEVIER 


Contents  lists  available  at  ScienceDirect 

Chemico-Biological  Interactions 

journal  homepage:  www.elsevier.com/locate/chembioint 


1 

^Chemico-Biological 

Interactions 

II 


Fast  affinity  purification  coupled  with  mass  spectrometry  for 
identifying  organophosphate  labeled  plasma 
butyrylcholinesterase 

He  Larry  Tong^,  Lawrence  M.  Schopfer^,  Patrick  Masson*’,  Oksana  Lockridge^ 

^  Eppley  Institute,  University  of  Nebraska  Medical  Center,  Omaha,  NE  68198-6805,  United  States 
Centre  de  Recherches  du  Service  de  Sante  des  Armies,  Departement  de  Toxicologie,  Unite  d'Enzymologie, 

BP  87,  38702  La  Tranche  cedex,  Erance 


ARTICLE  INFO 


ABSTRACT 


Article  history: 

Available  online  2  May  2008 


Keywords: 

Butyrylcholinesterase 

Biomarker 

Organophosphate  exposure 

Sarin 

Soman 

Affinity  chromatography 
Mass  spectrometry 


Classical  plasma  butyrylcholinesterase  (BChE)  purification  involves  dialysis  and  multiple 
steps  of  chromatography.  We  describe  a  procainamide  affinity  gel  purification  scheme  that 
takes  15-30  min  to  purify  BChE  from  1  ml  plasma.  The  method  uses  a  microfuge  spin  column 
to  build  a  0.2  ml  procainamide  affinity  column.  The  eluted  BChE  contains  3-4  [xg  of  500-fold 
purified  BChE,  free  from  99%  of  contaminating  plasma  proteins.  The  BChE  was  further  puri¬ 
fied  by  gel  electrophoresis.  Tryptic  peptides  from  the  BChE  containing  gel  electrophoresis 
band  were  prepared  by  in-gel  digestion,  separated  by  reverse  phase  liquid  chromatography 
and  identified  by  mass  spectrometry.  The  29  residue  active  site  tryptic  peptide  labeled  with 
the  nerve  agents  soman  or  sarin  was  identified. 

©  2008  Elsevier  Ireland  Ltd.  All  rights  reserved. 


1.  Introduction 

Butyrylcholinesterase  (BChE)  is  a  scavenger  protein  that 
protects  the  cholinergic  system  against  anticholinesterase 
poisons  [1,2].  Most  of  the  U.S.  population  has  been  exposed 
to  organophosphorus  (OP)  pesticides  in  their  homes,  work¬ 
places,  outdoors,  or  through  trace  contaminants  in  food  [3  ]. 
The  high  reactivity  of  BChE  with  OP  makes  BChE  an  ideal 
biomarker  of  OP  exposure.  OP  inhibits  BChE  by  covalently 
binding  to  its  active  site  serine.  Proteolysis  of  OP-inhibited 
BChE  generates  an  OP-peptide  conjugate  whose  molecular 
mass  distinguishes  nerve  agents  from  OP  pesticides.  Mass 
spectrometry  analysis  of  the  plasma  BChE  peptide  can  be 
used  to  determine  whether  a  person  was  exposed  to  OP  and 
what  kind  of  OP  he  or  she  was  exposed  to  [4-6]. 
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The  12  most  abundant  proteins  in  plasma  make  up 
96%  (by  weight)  of  the  total  plasma  proteins.  Their  con¬ 
centrations  range  from  50  mg/ml  (albumin)  to  1  mg/ml 
(apolipoprotein  A)  [7].  Human  BChE  concentration  in  blood 
is  4.2  X  10“^  mg/ml.  Even  though  mass  spectrometry  tech¬ 
nologies  have  advanced  to  high  sensitivity,  purification 
steps  are  still  necessary  to  identify  a  low  abundant  protein 
like  BChE  in  a  complex  plasma  sample  [8]. 

Here  we  describe  a  fast  and  simple  affinity  purification 
method  for  plasma  BChE  that  produces  BChE  sufficiently 
pure  that  it  can  be  identified  by  mass  spectrometry.  The 
purification  procedure  consumes  as  little  as  1  ml  of  plasma. 
A  similar  procedure  has  been  described  by  Eidder  et  al. 
[5].  However,  our  purification  is  substantially  simpler  and 
has  the  potential  to  be  developed  into  a  high  throughput 
method.  The  procedure  was  applied  to  samples  of  human 
plasma  treated  with  the  nerve  agents  soman  and  sarin. 
Peptides  from  BChE,  isolated  from  1  ml  of  plasma,  were 
identified  including  the  OP-labeled  active-site  peptide.  The 
identity  of  the  OP-labeled  active  site  serine  peptide  was 
confirmed  by  MS/MS  spectrum. 
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2.  Experimental  methods 

2.1.  OP  treatment  of  human  plasma 

Human  plasma  was  treated  with  200|jlM  soman  or 
sarin,  reducing  BChE  activity  to  zero.  Soman  and  sarin  were 
provided  by  CEB  (Vert-le-Petit,  Erance).  Only  trace  amounts 
of  intact  soman  and  sarin  remained  in  the  plasma  after 
24  h  at  room  temperature.  Samples  were  stored  at  -80  °C. 
Plasma  was  cleared  of  solids  and  fat  by  centrifugation. 

2.2.  Procainamide-Sepharose  micro  column  purification 
of  plasma  BChE 

Procainamide-Sepharose  gel,  custom  made  by  Dr.  Yacov 
Ashani  [9],  bound  34  p.mol  of  procainamide  per  milliliter 
gel.  0.2  ml  (0.4  ml  of  1:1  slurry  in  50%  ethanol)  of  pro¬ 
cainamide  gel  was  packed  into  a  1.5  ml  microfuge  spin 
column  (Princeton  Separations,  Adelphia,  NJ).  The  column 
was  equilibrated  with  2  ml  of  20  mM  potassium  phos¬ 
phate  pH  7.0  buffer.  1  ml  of  cleared,  OP-treated  plasma  was 
allowed  to  flow  through  the  column  by  gravity  flow  at  a 
flow  rate  of  1  ml/10  min.  The  column  was  washed  4  times 
with  1  ml  of  0.2  M  NaCl  in  20  mM  potassium  phosphate  pH 
7.0  buffer.  Each  wash  time  was  reduced  to  less  than  1  min 
by  briefly  centrifuging  the  column.  BChE  was  eluted  with 
0.5  ml  of  1  M  sodium  chloride  in  20  mM  potassium  phos¬ 
phate  pH  7.0  buffer  or  alternatively  with  0.5  ml  of  0.2  M 
procainamide. 

2.3.  Nondenaturing  gradient  gel  electrophoresis 

A  four-to-thirty  percent,  polyacrylamide,  nondenatur¬ 
ing,  gradient  gel,  0.75  mm  thick,  was  prepared  in  a  Hoefer 
SE6000  gel  apparatus  (Hoefer  Scientiflc  Instruments,  San 
Erancisco,  CA;  presently  part  of  GE  Healthcare).  Elec¬ 
trophoresis  was  at  250  V  constant  voltage  for  16  h  at  4°C. 
10  p.1  samples  were  mixed  with  50%  glycerol  in  0.1  M  Tris/Cl, 
pH  7.5  to  a  flnal  glycerol  concentration  of  10%.  The  gel  was 
first  stained  for  BChE  activity  using  the  Karnovsky  &  Roots 
method  [10],  and  then  stained  with  Coomassie  blue  R-250 
(Eisher  Scientiflc). 

The  BChE  intended  for  mass  spectrometry  was  reduced 
from  0.5  to  0.06  ml  and  desalted  in  an  Amicon  YMIO  cen¬ 
trifugal  Alter  with  a  molecular  weight  cutoff  of  lOkDa 
(Millipore,  Billerica,  MA)  before  it  was  loaded  on  the  non¬ 
denaturing  gel.  A  nondenaturing  gel  rather  than  an  SDS 
gel  was  used  because  only  the  nondenaturing  gel  separates 
BChE  from  albumin. 


2.4.  Protein  in-gel  digestion  and  peptide  extraction 

The  protein  band  corresponding  to  the  position  of  BChE 
was  cut  out  and  digested  with  trypsin  [11].  Peptides  were 
extracted  from  the  gel  and  dissolved  in  5%  acetonitrile,  0.1% 
formic  acid  for  mass  spectrometry  analysis. 

2.5.  ESI  LC-MS/MS  analysis  of  tryptic  peptides 

A  EAMOS  autosampler  in  conjunction  with  a  SWITCHOS 
and  ULTIMATE  capillary  liquid  chromatography  system 
(LC  Packings  Dionex,  Sunnyvale,  CA)  was  used  to  deliver 
peptides  to  a  QTrap  hybrid  quadrupole,  linear  ion  trap 
mass  spectrometer  model  2000  (Applied  Biosystems,  Pos¬ 
ter  City,  CA).  Peptides  were  eluted  from  a  Vydac  C18 
nanocolumn  (Grace  Vydac,  Southborough,  MA)  at  a  flow 
rate  of  300nl/min,  using  an  acetonitrile  gradient  con¬ 
taining  0.1%  formic  acid.  The  acetonitrile  increased  from 
5  to  60%  in  60  min.  Detailed  instrument  settings  and 
data  collection  protocols  are  described  by  Schopfer  et  al. 
[12]. 

MASCOT  (Matrix  Science,  Boston,  MA)  was  used  for 
database  searching  to  identify  proteins  [13].  Mascot  search 
parameters:  IPl  human  database,  enzyme  is  trypsin; 
allow  for  one  missed  cleavage;  flxed  modification  consists 
of  carbamidomethylated  cysteine;  variable  modiflcations 
consist  of  oxidized  methionine,  dehydrated  serine,  and 
methylphosphonylated  serine;  mass  values  are  monoiso¬ 
topic;  peptide  mass  tolerance  ±2.0  amu;  fragment  mass 
tolerance  ±1.0  amu.  Similar  results  were  obtained  if  the 
peptide  mass  tolerance  was  ±1.2  amu  and  fragment  mass 
tolerance  was  ±0.6  amu.  The  Analyst  Alter  was  set  to  allow 
charge  states  +1  to  +5,  the  “Discard  ions  with  charge  of  5+  or 
higher”  was  deactivated;  “Determine  charge  state  from  Sur¬ 
vey  scan”  was  deactivated  “Remove  peaks  with  intensity— % 
of  highest”  was  set  to  0. 

3.  Results  and  discussion 

3.1.  A  single-step  procainamide  affinity  purification 
recovers  70%  of  the  starting  BChE 

1  ml  of  control  plasma  was  applied  onto  a  0.2  ml 
procainamide-Sepharose  column  packed  into  a  microfuge 
spin  column.  As  shown  in  Table  1,  94%  of  the  BChE 
was  retained  on  the  column  and  70%  of  the  start¬ 
ing  BChE  was  recovered  by  elution  with  1  M  NaCl.  The 
time  elapsed  from  loading  the  sample  to  elution  was 
15-30  min. 


Table  1 

Procainamide  affinity  purification  of  BChE  from  1  ml  plasma 
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32.  OP  labeled  BChE  tryptic  peptide  identified  from  gel 
extracts  by  LC-MS/MS 

BChE  from  1  ml  of  soman-  or  sarin-treated  human 
plasma  was  subjected  to  the  purification  procedure 
described  above.  Protein  eluted  from  the  procainamide  col¬ 
umn  was  loaded  onto  a  nondenaturing  gel.  The  gel  was 
first  stained  for  BChE  activity,  then  counter  stained  with 
Coomassie  blue.  Eig.  1 A  shows  the  chromatography  results 
for  sarin-treated  samples.  Relatively  strong  BChE  activity 
staining  bands  can  be  seen  on  the  gel  (Eig.  lA,  lanes  2-4), 
indicating  that  plasma  BChE  activity  had  partially  recov¬ 
ered.  Comparison  of  the  Coomassie  staining  in  Eig.  IB, 
lane  1  (unpurified  plasma)  and  lane  4  (eluate  from  the 


column),  shows  that  the  one-step  procainamide  purifi¬ 
cation  eliminated  significant  amounts  of  high  abundant 
proteins  including  albumin.  Although  the  preparation  still 
contained  other  proteins  (Eig.  IB,  lane  6),  the  sample  was 
pure  enough  for  mass  spectrometry  identification  of  BChE. 

Soman  treated  plasma  had  no  BChE  activity  to  pin¬ 
point  the  location  of  the  labeled  BChE  on  the  gel.  However, 
removal  of  a  band  from  a  location  adjacent  to  BChE  in 
the  control  lane  provided  a  sample  from  which  the  tryptic 
peptides  of  BChE  could  be  identified  by  LC-MS/MS.  Erag- 
mentation  of  the  peptide  typically  occurs  at  the  peptide 
amide  bond  to  produce  y  ions  if  the  carboxyl  terminal  frag¬ 
ment  retains  the  charge,  or  b  ions,  if  the  amino  terminal 
fragment  retains  the  charge.  The  m/z  values  of  y  and  b 


(A)  Control  Sarin  Treated 

12  3  4 


BChE 


(B)  Control  Sarin  Treated 


1  2  3  4  5  6 


Fig.  1.  BChE  activity  (A)  followed  by  Coomassie  blue  staining  (B)  on  a  nondenaturing  gel  of  sarin-treated,  plasma  proteins  from  the  procainamide  affinity 
column.  Lane  1:  control  human  plasma  (no  sarin  treatment,  no  purification);  Lane  2:  flow- through  fraction  from  sarin-treated  plasma  that  did  not  bind  to 
the  affinity  column;  Lane  3:  wash-off  fraction;  Lane  4:  eluate  from  the  affinity  column;  Lane  5:  blank;  Lane  6:  concentrated  eluate.  The  gel  slice  used  for 
mass  spectrometry  was  cut  out  of  lane  6.  Equal  volumes  (10  p.1)  of  sample  were  loaded  in  lanes  1-4.  Note  that  significant  amounts  of  protein  were  in  the 
flow-through  fraction.  The  doublet  bands  in  (A),  lane  3  represent  BChE  tetramers  with  different  glycosylation  states. 
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Fig.  2.  MS/MS  spectrum  of  the  aged,  soman-labeled  BChE  active-site  peptide.  Ions  used  in  the  peptide  sequence  analysis  are  labeled  for  their  identities  and 
corresponding  masses.  The  sequence  of  the  BChE  active-site  tryptic  peptide  is  shown.  The  active-site  serine  is  labeled  with  *.  The  experimental  m/z  of  the 
quadruply  charged  parent  ion  was  752.7. 


series  of  ions  are  used  by  computer  programs  or  manual 
sequencing  to  produce  the  original  peptide  sequence. 

MASCOT  identified  the  aged,  soman-labeled,  BChE 
active-site  peptide  as  a  quadruply  charged  parent  ion  of 
752.7  m/z.  Manual  inspection  of  the  MS/MS  spectrum  of 
752.7  ion  confirmed  the  MASCOT  assignment  (Fig.  2).  As 
shown  in  the  MS/MS  spectrum,  a  series  ofy  ions,  as  well  as 
some  b  ions  and  their  derivatives,  can  be  identified.  Frag¬ 
ment  ion  at  838.0  m/z  represents  the  doubly  charged  form 
of  bl6-H20  with  the  aged  soman  modification  intact  (the¬ 
oretical  m/z:  837.9). 


Table  2 

Peptides  identified  from  a  Mascot  database  search  of  Soman-labeled 
Human  BChE 


Peptide 

Mowse  score 

ID^ 

1 

EWTSEEPK 

49 

I 

2 

VIWSMNYR 

49 

I 

3 

YLTLNTESTR 

58 

I 

4 

lEEPGVSEPGK 

56 

I 

5 

WNNYMMDWK 

12 

W 

6 

DEGTAELVYGAPGESK 

49 

I 

7 

VLEMTGNIDEAEWEWK 

36 

H 

8 

ESEWGNNAEPYYPEHR 

43 

H 

9 

KESEWGNNAEPYYPEHR 

39 

H 

10 

AILQSGSENAPWAVTSLYEAR 

82 

I 

11 

EALGDWGDYNEICPALEFTK 

40 

H 

12 

ESILEHYTDWVDDQRPENYR 

31 

W 

13 

SVTLEGES'^AGAASVSLHLLSPGS 

HSLFTR 

51 

I 

14 

VGALGELALPGNPEAPGNMGLE 

DQQLALQWVQK 

20 

W 

^  Qualitative  description  of  the  Mowse  score:  1  stands  for  identity,  H  for 
homology  and  W  for  less  than  homology. 

^  The  active  site  serine  carried  a  methylphosphonate  modification. 


Table  2  summarizes  the  peptides  used  by  MASCOT  to 
identify  the  aged  adduct  of  soman-labeled  BChE.  Mascot 
analysis  yielded  a  Mowse  score  of  566  for  the  protein. 
14  peptides  were  identified,  covering  39%  of  the  BChE 
sequence.  7  peptides  scored  in  the  identity  range,  includ¬ 
ing  the  aged  active-site  BChE  peptide;  4  in  the  homology 
range;  and  3  below  homology. 

Sarin-labeled  BChE  yielded  similar  results.  The  aged 
products  of  soman-  and  sarin-inhibited  BChE  are  expected 
to  have  the  same  mass  [14].  The  aged,  sarin-modified 
active-site  peptide  appeared  as  a  quadruply-charged  ion 
at  752.9  m/z.  The  752.9  ion  was  fragmented  to  generate  an 
MS/MS  spectrum  from  which  the  peptide  sequence  could 
be  deduced. 

The  methods  developed  in  this  report  can  be  used  to 
analyze  plasma  not  only  for  nerve  agent  exposure,  but  also 
for  organophosphorus  pesticide  and  carbamate  exposure. 
Future  studies  will  expand  to  quantitative  analysis  of  OP 
exposure  using  Multiple  Reaction  Monitoring  (MRM)  on 
the  QTRAP  mass  spectrometer. 

Knowing  the  mass  and  structure  of  the  target  ion,  it 
is  possible  to  predict  the  precursor  m/z  and  a  fragment 
m/z  (MRM  transition)  for  post-translationally  modified 
peptides.  MRM  experiments  can  be  used  to  screen  for  spe¬ 
cific  transitions,  and  trigger  a  dependent  product  ion  scan 
to  confirm  the  peptide  structure.  MRM  experiments  are 
designed  for  obtaining  the  maximum  sensitivity  for  detec¬ 
tion  of  target  ions.  This  type  of  experiment  is  widely  used  to 
detect  and  quantify  drug  and  drug  metabolites  in  the  phar¬ 
maceutical  industry.  MRM  has  been  successfully  applied 
for  both  relative  and  absolute  quantitation  of  protein  phos¬ 
phorylation  [15,16].  It  will  be  of  significant  interest  to  see 
its  application  in  determining  the  relative  OP  exposure  level 
of  an  individual  within  a  group  or  in  determining  the  abso- 
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lute  exposure  level  in  terms  of  OP  concentration  based  on 
a  pre-generated  standard  curve. 
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The  aspirin  esterase  activity  of  human  plasma  is  due  to  butyrylcholinesterase  and  albumin.  Our  goal  was 
to  identify  the  amino  acid  residues  involved  in  the  aspirin  esterase  activity  of  albumin.  Fatty  acid-free 
human  albumin  and  human  plasma  were  treated  with  aspirin  for  5  min-24  h.  Acetylated  residues  were 
identified  by  LC/MS/MS  and  MALDl-TOF/TOF  mass  spectrometry  of  tryptic  peptides.  Treatment  with 
0.3  mM  aspirin  resulted  in  acetylation  of  Lys-199,  Lys-402,  Lys-519,  and  Lys-545.  Treatment  with  20  mM 
aspirin  resulted  in  acetylation  of  26  lysines.  There  was  no  acetylation  of  Tyr-411,  under  any  conditions. 
Acetylated  lysine  was  stable  for  at  least  21  days  at  pH  7.4,  37  °C.  Albumin  acetylated  by  aspirin  had 
reduced  esterase  activity  with  (3-naphthyl  acetate  as  shown  on  gels  stained  for  esterase  activity.  It  was 
concluded  that  the  aspirin  esterase  activity  of  albumin  is  a  pseudo-esterase  activity  in  which  aspirin 
stably  acetylates  lysines  and  releases  salicylate. 

©  2009  Elsevier  Inc.  All  rights  reserved. 


1.  Introduction 

Hawkins  et  al.  reported  that  aspirin  transfers  its  acetyl  to  the  s- 
amino  group  of  lysine  residues  of  albumin  both  in  vitro  [1]  and  in 
vivo  [2].  Later  the  labeled  residue  was  identified  as  Lys-199  [3].  The 
crystal  structure  of  human  albumin  confirmed  that  aspirin 
acetylates  Lys-199  [4].  To  date  no  other  acetylated  residues  have 
been  identified,  though  up  to  6  additional  radiolabeled  peptides 
were  found  on  the  radioautograph  of  the  peptide  map  of  aspirin- 
treated  albumin  [2]. 

Albumin  is  regarded  as  an  aspirin  esterase  because  salicylic  acid 
is  produced  by  incubation  of  aspirin  with  albumin  [5].  The  esterase 
activity  of  albumin  with  p-nitrophenyl  acetate  is  predominantly  a 
pseudo-esterase  activity  in  which  up  to  59  lysines  are  stably 
acetylated.  In  addition,  Tyr-411  of  human  albumin  is  rapidly 
acetylated  by  p-nitrophenyl  acetate  (ti/2  =  0.56  min)  and  slowly 
deacetylated  (ti/2  =  61  h)  [6,7].  The  three  goals  of  our  study  were  to 
determine  whether  the  aspirin  esterase  activity  of  albumin  is  also  a 


Abbreviations:  PAGE,  polyacrylamide  gel  electrophoresis:  MALDI-TOF/TOF,  matrix 
assisted,  laser  desorption/ionization  tandem  mass  spectrometer  with  dual  time-of- 
flight  analyzers:  Q-TRAP,  hybrid  triple  quadrupole  linear  ion  trap  mass  spectro¬ 
meter:  MS,  mass  spectrum:  MS/MS,  mass  spectrum  of  collision  induced  dissociation 
fragments:  LC,  liquid  chromatography:  CHCA,  alpha-cyano-4-hydroxycinnamic 
acid. 
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pseudo-esterase  activity  resulting  in  stable  acetylation  of  many 
residues;  if  so,  to  identify  the  acetylated  residues  by  mass 
spectrometry;  and  to  determine  whether  Tyr-41 1  is  involved  in 
the  reaction  of  albumin  with  aspirin. 

2.  Materials  and  methods 

2.1.  Materials 

A  1  mg/ml  solution  of  fatty  acid-free  human  albumin  (Fluka 
05418,  via  Sigma-Aldrich,  St.  Louis,  MO)  was  prepared  in  100  mM 
potassium  phosphate  buffer,  pH  7.4.  The  amino  acid  sequence  for 
the  albumin  from  this  source  is  given  in  accession  number 
gi:122920512.  This  albumin  has  Glu-396  in  peptide  QNCELFE*QL- 
GEYK  where  other  albumin  sequences  have  Lys-396.  A  1  mg/ml 
solution  of  porcine  pepsin  (Sigma-Aldrich  P6887)  in  10  mM  HCl,  as 
well  as  20  (xg  of  sequencing  grade  modified  trypsin  (Promega 
V5113,  Madison,  Wl)  in  50  (xl  of  50  mM  acetic  acid  were  stored  at 
-80  °C.  A  saturated  solution  of  a-cyano-4-hydroxycinnamic  acid 
matrix  (CHCA)  (Applied  Biosystems,  Foster  City,  CA)  in  50% 
acetonitrile,  0.1%  trifluoroacetic  acid  was  stored  at  room  tem¬ 
perature.  Acetylsalicylic  acid  (aspirin)  (Sigma-Aldrich  A5376)  was 
dissolved  in  ethanol  to  make  0.1  and  1  M  solutions  and  stored  at 
room  temperature.  |3-Naphthyl  acetate.  Fast  Blue  RR,  trifluoroa¬ 
cetic  acid  and  iodoacetamide  were  from  Sigma-Aldrich.  Affi-Gel 
Blue  was  from  Bio-Rad,  Hercules,  CA.  Dithiothreitol,  sodium  azide. 
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and  ammonium  bicarbonate  were  purchased  from  Fisher  Scien¬ 
tific,  Fair  Lawn,  NJ.  Acetonitrile  was  of  LC-grade.  Water  was 
purified  with  the  Milli-Q  system,  followed  by  distillation.  Fluman 
plasma  in  heparin  anticoagulant  was  from  Innovative  Research, 
Novi,  Ml. 

2.2.  Incubation  of  pure  human  serum  albumin  with  aspirin 

In  general,  1  ml  of  a  1  mg/ml  solution  of  fatty  acid-free  human 
albumin  (15  |xM)  in  lOOmM  phosphate  buffer,  pH  7.4  was 
incubated  with  0.05-20  mM  aspirin  for  24  h  at  37  °C.  For  one 
experiment,  1  ml  of  40  mg/ml  solution  of  human  albumin 
(600  (xM)  in  100  mM  phosphate  buffer,  pH  7.4  was  reacted  with 
0.3  mM  aspirin  for  24  h  at  37  °C.  Control  albumin  solution  was 
treated  with  20  fxl  ethanol.  Treatment  with  10-20  mM  concentra¬ 
tions  of  aspirin  caused  a  pH  drop,  which  was  corrected  by  addition 
of  1  M  NaOH. 

2.3.  Albumin  esterase  activity  staining  on  nondenaturing  PAGE 

A  0.75  mm  thick,  4-30%  polyacrylamide  gradient  gel  was 
prepared  in  a  Hoefer  gel  apparatus  and  run  at  a  constant  voltage  for 
5000  V  h  (250  V  for  20  h)  at  4  °C.  5  (xl  of  human  plasma,  estimated 
to  contain  200  (xg  albumin,  or  20  (xl  of  10  mg/ml  albumin 
premixed  with  an  equal  volume  of  50%  glycerol,  0.1%  bromophenol 
blue,  was  loaded  per  lane.  Esterase  activity  of  albumin  was 
visualized  by  incubating  the  gel  in  100  ml  of  50  mM  Tris-Cl  pH  7.4 
solution,  containing  50  mg  of  p-naphthyl  acetate  dissolved  in  1  ml 
ethanol  and  50  mg  of  Fast  Blue  RR.  Within  10-20  min  pink  bands 
formed  due  to  the  reaction  of  released  p-naphthol  with  the 
diazonium  salt  of  Fast  Blue  RR  [8].  The  gel  was  counterstained  with 
Coomassie  Blue. 

2.4.  In  vitro  modification  of  human  plasma  and  isolation  of  albumin 

1 00  (xl  of  human  plasma  was  incubated  with  0.3  mM  aspirin  for 
1  h  40  min  at  37  °C.  Non-treated  plasma  was  used  as  a  control. 
After  the  incubation  albumin  was  isolated  by  affinity  chromato¬ 
graphy  on  Blue  Affi-Gel.  Briefly,  200  (xl  of  affinity  media  was 
packed  into  a  microfuge  spin  column  and  equilibrated  with 
binding  buffer  (50  mM  potassium  phosphate  buffer  pH  7.0). 
Plasma  samples  were  diluted  1:20  and  400  fxl  was  applied  to  the 
column.  Columns  were  washed  with  binding  buffer  until  the 
absorbance  of  the  eluate  at  280  nm  was  zero.  Proteins  were  eluted 
with  1.5  M  KCl  in  50  mM  potassium  phosphate  buffer  pH  7.0.  The 
absorbance  at  280  nm  of  1  ml  fractions  was  measured.  Albumin 
concentration  was  calculated  with  the  formula:  A280  =  £  x  1  x  c 
where  s  is  the  extinction  coefficient  of  albumin  (35,700  M“^  cm“^) 
[9],  c  is  the  unknown  albumin  concentration,  and  I  is  the 
pathlength  of  the  cuvette  (1  cm).  Purified  albumin  was  subjected 
to  tryptic  digestion  as  described  in  Section  2.5. 

2.5.  Trypsin  digestion 

Human  albumin  (1  mg/ml)  modified  by  aspirin  was  denatured 
by  boiling  for  10  min  in  the  presence  of  lOmM  dithiothreitol, 
carbamidomethylated  with  90  mM  iodoacetamide  (1  h-incubation 
in  the  dark  at  37  °C),  and  dialyzed  against  2x41  of  10  mM 
ammonium  bicarbonate.  Denaturation  in  urea  was  avoided 
because  urea  adds  carbamate  (CONH2)  to  lysine.  The  added  mass 
of  +43  amu  from  carbamate  could  be  confused  with  the  added 
mass  of  +42  amu  from  acetate  (COCH3).  A  100-(xg  aliquot  was 
digested  with  2  (xg  of  Promega  trypsin  overnight  at  37  °C.  The 
trypsin  digest  was  subjected  to  MALDl  and  Q-TRAP  mass 
spectrometric  analyses. 


2.6.  Pepsin  digestion 

Pure  human  serum  albumin  (15  (xM)  in  100  mM  phosphate  pH 
7.4  was  treated  with  0.3,  3,  and  20  mM  concentrations  of  aspirin 
and  incubated  at  37  °C  for  5,  10,  15,  20,  30,  40,  50,  60  min,  3  and 
24  h.  The  reaction  between  aspirin  and  albumin  was  stopped  by 
addition  of  50  (xl  of  1%  trifluoroacetic  acid  to  50  (xl  of  the  reaction 
mixture.  The  samples  were  digested  with  2  (xl  of  1  mg/ml  pepsin  at 
37  °C  for  1 .5  h.  Samples  were  diluted  1 : 1 0  in  water  and  analyzed  in 
a  MALDl-TOF/TOF  4800  mass  spectrometer. 

2.7.  HPLC  purification  of  the  acetylated  peptide  LK*CASLQI<  and 
stability  assay 

1ml  of  1  mg/ml  human  albumin  in  lOOmM  potassium 
phosphate  pH  7.4  was  treated  with  0.3  mM  aspirin  for  24  h, 
reduced,  carbamidomethylated,  dialyzed,  and  digested  with 
trypsin  as  described  above.  The  LICCASLQK  peptide  was  purified 
on  a  Waters  625  LC  system  using  a  Phenomenex  Prodigy  5  micron 
Cl  8  100  mm  x  4.60  mm  column.  Peptides  were  eluted  with  a  60- 
min  gradient  from  0.1%  trifluoroacetic  acid  in  water  to  60% 
acetonitrile,  0.09%  trifluoroacetic  acid  at  a  flow  rate  of  1  ml/min. 
1  ml  fractions  were  collected.  To  identify  the  fraction  containing 
the  peptide  of  interest  1  (xl  of  each  fraction  was  analyzed  in  the 
MALDl-TOF/TOF  mass  spectrometer.  The  acetylated,  carbamido¬ 
methylated  peptide  LICCASLQK  eluted  between  1 6  and  1 7  min. 
This  fraction  was  dried  in  the  SpeedVac,  dissolved  in  30  (xl  of 
50  mM  potassium  phosphate  buffer,  pH  7.4,  containing  0.1%  (w/v) 
sodium  azide,  and  incubated  at  37  °C.  Aliquots  were  withdrawn 
over  a  period  of  3  weeks  for  measurement  of  acetylated  and 
deacetylated  peptides.  A  1-fxl  aliquot  was  diluted  10-fold  in  water 
and  analyzed  in  the  MALDl-TOF/TOF  4800  mass  spectrometer.  The 
percentage  of  acetylation  was  calculated  by  dividing  the  cluster 
area  of  the  acetylated  peptide  by  the  sum  of  the  cluster  areas  for 
the  acetylated  and  deacetylated  peaks  [7]. 

2.8.  Analysis  in  a  MALDl-TOF/TOF  4800  (Applied  Biosystems,  Foster 
City,  CA)  mass  spectrometer 

Essentially  salt-free  l-(xl  samples  were  spotted  on  a  MALDl 
target  plate,  dried  in  air,  and  overlaid  with  1  (xl  of  saturated  CHCA 
in  50%  acetonitrile,  0.1%  trifluoroacetic  acid.  MS  spectra  were 
acquired  with  laser  power  at  3500  V  in  positive  reflector  mode.  For 
MS/MS  spectra  laser  intensity  was  4000  V.  Each  spectrum  was  the 
average  of  500  laser  shots.  The  mass  spectrometer  was  calibrated 
against  bradykinin  (904.47  m/z),  angiotensin  1  (1296.68  m/z),  Glu- 
fibrinopeptide  B  (1570.68  m/z),  adrenocorticotropic  hormone 
(ACTH)  1-17  clip  (2093.09  m/z),  ACTH  18-39  clip  (2465.20  m/z), 
and  ACTH  7-38  clip  (3657.96  m/z)  (Cal  Mix  5  from  Applied 
Biosystems).  Spectra  were  analyzed  with  Data  Explorer  Software. 

2.9.  LC/MS/MS  with  the  Q-TRAP  2000  mass  spectrometer 

Tryptic  digests  were  dried  in  a  vacuum  centrifuge  and  dissolved 
in  5%  acetonitrile,  0.1%  formic  acid  to  make  6  pmol/(xL  A  10-(xl 
aliquot  was  injected  into  the  HPLC  nanocolumn  (218MS3.07515 
Vydac  Cl  8  polymeric  rev-phase,  75  fxm  i.d.  x  150  mm  long;  P.J. 
Cobert  Assoc.,  St.  Louis,  MO).  Peptides  were  separated  with  a  90- 
min  linear  gradient  from  0  to  60%  acetonitrile  at  a  flow  rate  of 
0.3  (xl/min  and  electrosprayed  through  a  fused  silica  emitter 
(360  fxm  o.d.,  75  (xm  i.d.,  1 5  (xm  taper.  New  Objective)  directly  into 
the  Q-TRAP  2000  (Applied  Biosystems,  Foster  City,  CA),  a  hybrid 
quadrupole  linear  ion  trap  mass  spectrometer.  An  ion-spray 
voltage  of  1900  V  was  maintained  between  the  emitter  and  the 
mass  spectrometer.  Information  dependent  acquisition  was  used 
to  collect  MS,  enhanced  MS,  and  MS/MS  spectra  for  the  three  most 
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intense  peaks  in  each  cycle,  having  a  charge  of  +1  to  +4,  a  mass 
between  200  and  1700  m/z,  and  an  intensity  >10,000  cps.  All 
spectra  were  collected  in  the  enhanced  mode,  using  the  trap 
function.  Precursor  ions  were  excluded  for  30  s  after  one  MS/MS 
spectrum  had  been  collected.  The  collision  cell  was  pressurized  to 
40  (xTorr  with  pure  nitrogen  and  collision  energies  between  20  and 
40  eV  were  determined  automatically  by  the  software  based  on  the 
mass  and  charge  of  the  precursor  ion.  The  mass  spectrometer  was 
calibrated  on  selected  fragments  from  the  MS/MS  spectrum  of  Glu- 
fibrinopeptide  B.  The  MS/MS  data  were  processed  using  Analyst 
1.4.1  software  and  submitted  to  Mascot  for  identification  of 
peptide  sequences  [10]. 

3.  Results 

3.1.  Residues  acety luted  by  0.3  mM  aspirin 

Two  different  mass  spectrometry  methods  (MALDl-TOF/TOF 
and  Q-TRAP  MS/MS)  were  applied  to  identify  tryptic  peptides  of 
albumin  acetylated  by  aspirin.  A  24-h  reaction  of  15  (xM  human 
albumin  with  0.3  mM  aspirin  at  37  °C  resulted  in  the  acetylation  of 
four  albumin  residues,  namely  Lys-199,  Lys-402,  Lys-519,  and  Lys- 
545.  No  additional  acetylation  sites  were  found  when  the 
physiological  concentration  of  albumin  (600  (xM)  was  used.  The 
masses  of  labeled  tryptic  peptides  were  increased  by  +42  m/z  due 
to  acetylation.  MS/MS  spectra  of  candidate  peptides  were  analyzed 
to  confirm  the  identity  of  the  modified  peptide  as  well  as  to  identify 
the  site  of  modification. 

Fig.  1  shows  the  MALDl  MS/MS  spectrum  of  parent  ion  989.5  m/ 
z,  which  corresponds  to  acetylated  peptide  LK*CASLQ1<.  Lys-199 
was  identified  as  the  adduction  site  by  the  presence  of 
unacetylated  y3,  y4,  y5,  and  y6  ions  at  m/z  388.2,  475.2,  546.2, 
and  706.3,  respectively  and  by  the  presence  of  the  acetylated  b-ion 
series  b2*,  b3*,  b4*,  and  b5*  at  m/z  284.2,  444.2,  515.2,  and  602.2, 
respectively.  The  presence  of  s-N-acetyllysine  immonium  ion  at  m/ 
z  126.1  provides  additional  evidence  for  the  assignment  of 
acetylly sine-containing  peptide  [11]. 

Lys-402  was  confirmed  to  be  acetylated  by  Q-TRAP  MS/MS 
analysis  of  parent  ion  [M+SH]^""  at  m/z  881.54  (Fig.  2).  The 
acetylated  peptide  was  unambiguously  identified  as  QNCELFEQL- 
GEY1<*FQNALLVR,  characterized  by  the  partial  b-series  (b3-b8)  and 
the  partial  y-series  (yl-y8).  Lys-402  was  identified  as  the  position 
of  acetylation  by  the  presence  of  the  adducted  ions  y9*,  ylO*,  and 


Fig.  1.  Identification  of  acetylated  residue  Lys-199.  MALDl  MS/MS  spectrum  of 
parent  ion  989.5  m/z  shows  major  y-  and  b-ions  of  peptide 
LK*C(carbamidomethylated)ASLQK.  The  asterisk  *  denotes  +42  m/z  shifted  ions 
as  compared  to  native  peptide.  Carbamidomethylation  of  cysteine  adds  +57  m/z. 


m/z 

Fig.  2.  Identification  of  Lys-402  as  an  acetylation  site.  Q-TRAP  MS/MS  fragmentation 
of  parent  ion  [M+3H]^"^  at  m/z  881.54  yielded  y-  and  b-ion  series  consistent  with 
acetylated  peptide  QNC(carbamidomethylated)ELFEQLGEYK*FQNALLVR.  The 
asterisk  *  indicates  +42  m/z  shift  in  ion  mass  as  compared  to  native  peptide  ions. 


yl2*.  The  presence  of  s-N-acetyllysine  immonium  ion  at  m/z  125.8 
served  as  additional  confirmation  of  acetylation  on  lysine  [11]. 

Q-TRAP  MS/MS  fragmentation  of  parent  ion  [M+3F1]^'"  at  m/z 
863.46  is  shown  in  Fig.  3A.  The  spectrum  confirms  the  identity  of 
this  acetylated  peptide  as  EFNAETFTFFIADICTLSEICER  and  con¬ 
firms  that  the  adducted  residue  is  Lys-519.  Supporting  ions  are  yl, 
y3*,  y4*,  y5*,  y6*,  y7*,  y8*,  y9*,  yl 0*,  yl  1  *,  yl 2*,  yl 9*^^,  b3, 

bl6*'^^,  where  the  asterisk  indicates  acetylated  ions,  as  well  as  b- 
ions  that  have  lost  water  (b-1 8).  The  internal  fragment  at  m/z  230.9 
has  the  sequence  ET. 

The  Q-TRAP  MS/MS  spectrum  of  parent  ion  [M+2E1]^'"  at  m/z 
942.16,  in  Fig.  3B,  corresponds  to  the  acetylated  peptide 
EQLICAVMDDFAAFVEK.  The  presence  of  s-N-acetyllysine  immo¬ 
nium  ion  at  m/z  125.8  confirms  the  presence  of  acetylated  lysine 
[11  ].  The  MS/MS  fragmentation,  yielding  a  partial  b-series  (b2,  b3, 
b4*-b6*),  a  partial  y-series  (y3,  y5-yl2,  yl3*)  and  internal 
fragment  LK*  at  284.0  m/z,  confirms  that  Lys-545,  but  not  Lys- 
557  is  acetylated.  The  ions  marked  with  an  asterisk  are  acetylated. 

3.2.  Residues  acetylated  by  20  mM  aspirin 

Incubation  of  1 5  (xM  human  albumin  with  20  mM  aspirin  at  pEl 
7.4, 37  °C  for  24  h  resulted  in  the  acetylation  of  26  lysines,  listed  in 
Table  1.  To  identify  labeled  peptides,  in  silica  trypsin  digestion  of 
albumin  was  performed  (ProteinProspector  v  5.3.0  http://pro- 
spector.ucsf.edu),  taking  into  account  carbamidomethylation  of 
cysteine  and  possible  oxidation  of  methionine,  as  well  as  possible 
missed  cleavages.  Theoretical  masses  of  acetylated  tryptic  peptides 
were  calculated  and  used  to  select  candidates  for  acetylated  ions 
from  the  MALDl  MS  spectrum.  To  confirm  peptide  sequences  and 
identify  adducted  residues,  peptides  were  analyzed  by  MALDl  MS/ 
MS. 

Q-TRAP  MS/MS  analysis  served  as  an  additional  tool  for  the 
identification  of  acetylated  peptides.  All  MS/MS  spectra  were 
submitted  to  Mascot  for  comparison  with  the  NCBlnr  human 
protein  database.  Peptides  corresponding  to  60%  coverage  of  the 
albumin  sequence,  in  accession  #  gi:  12292051 2,  were  obtained. 
MS/MS  spectra  of  candidates  for  acetylated  peptides  were 
manually  evaluated  and  only  strong,  well-assigned  spectra, 
comparable  to  those  shown  in  Figs.  1-3,  were  considered  as 
evidence  for  peptide  acetylation. 

All  peptides  listed  in  Table  1  have  a  missed  cleavage  at  the 
acetylated  lysine.  This  is  because  trypsin  is  unable  to  recognize 
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m/z 


Fig.  3.  Identification  of  Lys-519  and  Lys-545  as  adduction  sites.  Q-TRAP  MS/MS  spectra  of  parent  ion  [M+3H]^^  at  m/z  863.46  (panel  A)  and  parent  ion  [M+2H]^^  at  m/z  942.16 
(panel  B)  show  major  y-  and  b-ions,  as  well  as  internal  fragments.  Acetylated  fragment  ions  are  labeled  with  an  asterisk. 


Table  1 

Tryptic  peptides  found  to  be  acetylated  after  24-h  reaction  of  15  |jlM  human  albumin  with  20  mM  aspirin  at  37  °C. 


Sequence  position 

Peptide  sequence 

Acetylated 

lysine 

Mass  of  unlabeled 
peptide,  m/z 

Mass  of  labeled  peptide 
(mass  shift  42),  m/z 

Method  of  identification 

11-20 

FICDLGEENFK 

12 

1226.6 

1268.6 

MALDI  MSMS,  Q-TRAP 

65-81 

SLHTLFGDK^LCTVATLR 

73 

1932.0 

1974.0 

MALDI  MSMS,  Q-TRAP 

82-98 

ETYGEMADCCAK^QEPER 

93 

2073.8 

2115.8 

MALDI  MSMS 

99-114 

NECFLQHICDDNPNLPR 

106 

1996.9 

2038.9 

Q-TRAP 

115-137 

LVRPEVDVMCTAFHDNEETFLK*K 

136 

2778.3 

2820.3 

MALDI  MSMS 

137-144 

K*YLYEIAR 

137 

1055.6 

1097.6 

MALDI  MSMS,  Q-TRAP 

146-160 

HPYFYAPELLFFAICR 

159 

1899.0 

1941.0 

MALDI  MSMS 

161-174 

YK*AAFTECCQAADK 

162 

1662.7 

1704.7 

MALDI  MSMS,  Q-TRAP 

163-181 

AAFTECCQAADK^AACLLPK 

174 

2125.0 

2167.0 

Q-TRAP 

198-205 

LICCASLQK 

199 

947.5 

989.5 

MALDI  MSMS 

200-209 

CASLQICFGER 

205 

1195.6 

1237.6 

MALDI  MSMS,  Q-TRAP 

210-218 

AFK*AWAVAR 

212 

1019.6 

1061.6 

MALDI  MSMS,  Q-TRAP 

223-233 

FPK^AEFAEVSK 

225 

1252.6 

1294.6 

Q-TRAP 

258-274 

ADLAICYICENQDSISSK 

262 

1941.9 

1983.9 

MALDI  MSMS,  Q-TRAP 

277-286 

ECCEK^PLLEK 

281 

1305.6 

1347.6 

Q-TRAP 

318-336 

NYAEAK*DVFLGMFLYEYAR 

323 

2300.1 

2342.1 

MALDI  MSMS 

349-359 

LAK*TYETTLEK 

351 

1296.7 

1338.7 

Q-TRAP 

373-389 

VFDEFICPLVEEPQNLIK 

378 

2045.1 

2087.1 

Q-TRAP 

390-410 

QNCELFEQLGEYK^FQNALLVR 

402 

2599.3 

2641.3 

MALDI  MSMS,  Q-TRAP 

414-428 

K*VPQySTPTLVEVSR 

414 

1639.9 

1681.9 

Q-TRAP 

473-484 

VTK*CCTESLVNR 

475 

1466.7 

1508.7 

MALDI  MSMS,  Q-TRAP 

501-521 

EFNAETFTFHADICTLSEK*ER 

519 

2545.2 

2587.2 

MALDI  MSMS,  Q-TRAP 

525-534 

K*QTALVELVK 

525 

1128.7 

1170.7 

Q-TRAP 

539-545 

ATK^EQLK 

541 

817.5 

859.5 

MALDI  MSMS 

542-557 

EQLK*AVMDDFAAFVEK 

545 

1840.9 

1882.9 

MALDI  MSMS,  Q-TRAP 

546-560 

AVMDDFAAFVEICCCK 

557 

1790.8 

1832.8 

MALDI  MSMS,  Q-TRAP 

The  asterisk  *  indicates  the  adducted  lysine.  The  albumin  sequence  is  in  accession  #  gi:  122920512  in  the  NCBI  protein  database.  Monoisotopic  masses  of  singly  charged  ions 
are  given.  Cysteines  are  carbamidomethylated,  adding  a  mass  of  +57  amu.  Acetylated  lysines  have  an  added  mass  of  +42  amu. 


adducted  lysine  as  a  cleavage  site,  in  agreement  with  the  previous 
literature  reports  [12]. 

3.3.  Mass  spectrometric  analysis  of  commercial  albumin 

Interestingly,  acetylation  of  non-treated  pure  human  albumin 
was  observed.  The  acetylated  residues  in  commercial  albumin 
were  Lys-199,  and  Lys-525.  Less  than  0.1%  of  commercial  albumin 
was  acetylated.  In  contrast,  significant  amounts  of  albumin  were 
acetylated  after  treatment  with  aspirin. 

3.4.  Reaction  of  aspirin  with  human  plasma 

To  study  the  reaction  between  aspirin  and  albumin  under 
physiological  conditions,  100  (xl  of  human  plasma  was  incubated 
directly  with  0.3  mM  aspirin  for  1  h  40  min  at  37  °C.  Albumin  was 
isolated  and  digested  with  trypsin  as  described  in  Section  2. 


Analysis  of  the  tryptic  digest  on  the  MALDl-TOF/TOF  mass 
spectrometer  revealed  acetylation  of  Lys-199  and  Lys-519. 

To  model  repeated  doses  of  aspirin,  100  (xl  of  human  plasma 
was  treated  with  0.3  mM  aspirin  3  times.  The  time  between 
treatments  was  1  h  40  min.  Two  treatments  with  0.3  mM  aspirin 
resulted  in  acetylation  of  four  residues,  Lys-199,  Lys-402,  Lys-519, 
and  Lys-545.  Three  serial  treatments  led  to  the  acetylation  of  5 
residues,  the  fifth  being  Lys-136. 

Thus,  under  physiological  conditions  the  most  reactive  albumin 
residues  were  Lys-199  and  Lys-519,  appearing  after  the  first 
treatment  with  0.3  mM  aspirin.  Additional  “doses”  of  aspirin  led  to 
accumulation  of  acetylation. 

3.5.  The  role  ofTyr-41 1  in  the  reaction  between  aspirin  and  albumin 

To  study  the  involvement  of  Tyr-411  in  the  reaction,  15  (xM 
fatty  acid-free  human  albumin  was  treated  with  different 
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concentrations  of  aspirin,  digested  with  pepsin  and  analyzed  on 
the  MALDI  mass  spectrometer.  Pepsin  was  chosen  because 
experience  has  shown  that  peptic  peptides  containing  Tyr-411 
are  readily  observed  in  both  the  MALDI  and  Q-TRAP  mass 
spectrometers.  Acetylation  of  Tyr-41 1  increases  the  mass  of  peptic 
peptides  VRYTKKVPQVSTPTL  and  LVRYTKKVPQVSTPTL  (missed 
cleavage)  at  1717  and  1830  m/z  by  +42  to  1759  and  1872  m/z  [7]. 
Samples  that  were  incubated  with  aspirin  for  5  min-3  h  gave 
strong  signals  for  the  unlabeled  peptides  but  did  not  result  in  the 
appearance  of  peptides  at  m/z  1759  and  1872  (data  not  shown). 
However,  after  24-h  reaction  with  20  mM  aspirin,  low  intensity 
masses  at  m/z  1759  and  1872  were  observed.  Q-TRAP  MS/MS 
analysis  showed  that  the  +42  m/z  mass  shift  was  due  to  acetylation 
of  Lys-414,  but  not  Tyr-411  (data  not  shown). 

3.6.  The  stability  of  acetylated  Lys-199 

To  estimate  the  stability  of  acetylation,  peptide  LICCASLQK 
with  acetyl  on  Lys-199  was  purified  by  HPLC  and  incubated  at 
37  °C  in  pH  7.4  buffer.  At  various  time  intervals  a  1  (xl  aliquot  was 
removed  for  MALDl-TOF  MS  analysis  to  measure  the  percentage  of 
acetylation.  The  acetylated  peptide  at  m/z  989.5  would  lose  42  amu 
and  shift  to  a  mass  of  947.5  m/z  if  it  were  deacetylated.  Fig.  4  shows 
that  the  acetylated  peptide  was  stable  for  at  least  21  days.  The 
absence  of  non-acetylated  peptide  after  21  days  of  incubation  leads 
to  the  conclusion  that  acetylation  on  Lys-199  is  stable  at  pH  7.4, 
37  °C. 

3.7.  Acetylation  sites:  order  of  reactivity 

To  measure  the  reactivity  of  acetylation  sites,  15  (xM  albumin 
was  treated  with  different  concentrations  of  aspirin  for  24  h  at 
37  °C,  digested  with  trypsin  and  analyzed  in  the  MALDI  mass 
spectrometer. 

Two  sites,  namely  Lys-402  and  Lys-519,  were  acetylated  by  the 
lowest  aspirin  concentration  (0.05  mM),  when  no  other  sites  were 
labeled.  Moreover,  peptides  containing  these  acetylated  residues 
rose  in  abundance  with  increasing  aspirin  concentration.  Lys-199 
was  found  to  be  acetylated  with  0.1  mM  aspirin;  however  the  peak 
intensity  of  the  peptide  containing  this  lysine  was  low  and  did  not 
change  with  the  increase  in  aspirin  concentration. 

When  albumin  was  incubated  with  0.5  mM  aspirin,  evidence  of 
acetylation  of  Lys-73,  Lys-136,  Lys-137,  Lys-159,  Lys-212,  and  Lys- 
545  appeared  in  the  MS  spectrum.  Incubation  with  20  mM  aspirin 
resulted  in  acetylation  of  26  lysine  residues  (Table  1 ). 
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Fig.  4.  The  stability  of  acetylated  Lys-199.  Deacetylation  was  monitored  at  pH  7.4, 
37  °C  for  21  days.  Percentage  acetylation  was  calculated  from  cluster  area  in  the 
MALDI  MS  spectrum  for  peptide  LICCASLQK. 


Fig.  5.  Molecular  modeling  to  locate  lysines  acetylated  by  aspirin.  Ribbon  model 
shows  the  crystal  structure  of  human  albumin  (Protein  Data  Bank  code  Ibmo).  The 
26  lysines  acetylated  by  20  mM  aspirin  are  shown  in  sticks.  Lys-199,  Lys-402,  Lys- 
519  and  Lys-545  are  acetylated  by  0.3  mM  aspirin.  The  structure  was  drawn  with 
PyMOL  software  (DeLano,  W.L  The  PyMOL  Molecular  Graphics  System  (2002) 
http: //www.pymol.org). 


3.8.  Surface  location  of  acetylated  residues  in  human  serum  albumin 

The  crystal  structure  of  human  albumin  is  shown  in  Fig.  5.  The 
26  acetylated  lysines  are  shown  as  sticks.  Lys-199,  Lys-402,  Lys- 
519,  and  Lys-545  are  acetylated  by  0.3  mM  aspirin.  To  establish  the 
availability  of  acetylation  sites  the  solvent  accessible  surface  was 
analyzed.  The  solvent  accessible  surface  area  is  defined  as  the 
surface  traced  out  by  the  center  of  a  water  sphere,  having  a  radius 
of  1.4  A,  rolled  over  the  protein  atoms  [13].  By  visual  inspection  of 
the  molecule,  it  was  concluded  that  sites  Lys-199,  Lys-402,  Lys- 
519,  as  well  as  Lys-545  are  accessible  to  the  solvent. 

3.9.  Albumin  esterase  activity 

Staining  of  a  nondenaturing  gradient  PAGE  gel  with  p-naphthyl 
acetate  and  Fast  Blue  RR  revealed  esterase  activity  of  human 
albumin.  The  gel  in  Fig.  6A  shows  esterase  bands  of  albumin.  Fatty 
acid-free  human  albumin  preincubated  for  24  h  with  different 
concentrations  of  aspirin  (from  0  to  50  mM)  and  stained  for 
esterase  activity  shows  decreasing  esterase  staining  with  increas¬ 
ing  aspirin  concentration  (lanes  2-8).  This  result  is  interpreted  to 
mean  that  lysines  acetylated  by  aspirin  are  unavailable  for  reaction 
with  p-naphthyl  acetate.  It  is  concluded  that  the  esterase  activity 
of  albumin  is  due  to  acetylation  of  lysines  and  not  to  an  enzymatic- 
like  hydrolysis.  As  such  albumin  exhibits  a  pseudo-esterase 
activity.  Aspirin  by  transferring  its  acetyl  group  to  albumin 
decreases  the  number  of  available  esteratic  sites. 

To  show  that  equivalent  protein  concentrations  were  loaded 
per  lane,  the  gel  was  counterstained  with  Coomassie  Blue  (Fig.  6B). 
Pure  albumin  reveals  monomeric  forms,  as  well  as  albumin 
dimers  and  multimers.  Albumin  treated  with  50  mM  aspirin  (lane 
8)  migrates  slightly  further  compared  to  native  albumin  (lane  9). 
This  fact  can  be  explained  by  partial  elimination  of  positive  charge 
from  the  s-N-amino  groups  of  lysines  due  to  acetylation. 
Therefore,  acetylated  protein  has  a  greater  net  negative  charge 
and  migrates  more  readily  to  the  anode  compared  to  non-treated 
albumin. 
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Fig.  6.  Nondenaturing  gradient  gel  stained  for  esterase  activity  (A)  and  counterstained  with  Coomassie  Blue  (B).  Lanes  1  and  10,  control  human  plasma  (5  |jl1),  0  mM  aspirin. 
Lanes  2-9  contain  200  |jLg  of  human  albumin  treated  for  24  h  with  aspirin.  Lane  2,  0  mM  aspirin;  lane  3, 1  mM  aspirin;  lane  4, 10  mM  aspirin;  lane  5,  20  mM  aspirin;  lane  6, 
30  mM  aspirin;  lane  7,  40  mM  aspirin;  lane  8,  50  mM  aspirin;  lane  9,  0  mM  aspirin.  Albumin  esterase  activity  in  panel  A  diminishes  with  increasing  aspirin  concentrations. 
Acetylated  albumin  in  lane  8  migrates  more  rapidly  than  untreated  albumin  in  lane  9.  The  arrow  shows  the  direction  of  migration  of  proteins  on  the  gel. 


4.  Discussion 

4A.  Covalent  modification  of  lysines  by  aspirin 

Aspirin  transfers  its  acetyl  group  to  human  albumin  in  vitro.  This 
interaction  involves  multiple  acceptor  sites,  identified  as  lysine 
residues  by  two  different  mass  spectrometry  methods  (MALDl  TOP/ 
TOP  and  Q-TRAP).  We  conclude  that  the  observed  adducts  are  due  to 
covalent  binding  of  the  acetyl  group  to  s-N-amino  groups  of  lysines. 
Non-covalent  adducts  do  not  survive  the  MALDl  process  due  to  the 
low  pPl  of  the  matrix  as  well  as  the  heat  generated  by  high  laser 
energy  [14].  Purthermore,  non-covalent  adducts  would  not  be 
expected  to  survive  the  low  pPl  and  high  organic  solvent  conditions 
that  exist  in  the  PIPLC  step  that  precedes  electrospraying  into  the  Q- 
TRAP  mass  spectrometer.  Thus,  only  covalent  modifications  of 
albumin  are  consistent  with  our  experimental  conditions. 

4.2.  Four  lysines  acetylated  by  low  concentration  of  aspirin 

Aspirin  is  administered  to  people  in  a  wide  range  of  doses.  Low 
doses  (75-325  mg  once  a  day)  are  taken  to  prevent  recurrent  heart 
attack  and  stroke,  while  high  doses  (up  to  130mg/kg/day  in 
divided  doses)  are  used  to  reduce  swelling  in  rheumatoid  arthritis 
patients  [15].  The  high  dose  regime  amounts  to  9100  mg  of  aspirin 
per  day  for  a  70  kg  (155  lb)  individual.  Plasma  aspirin  concentra¬ 
tion  was  found  to  reach  approximately  0.12  mM  20  min  after 
ingestion  of  650  mg  aspirin  [16].  The  half-life  of  aspirin  in  vivo  is 
approximately  20  min  with  plasma  levels  essentially  undetectable 
1-2  h  after  ingestion  [16,17].  In  our  study,  the  0.3  mM  aspirin 
concentration  was  comparable  to  therapeutic  blood  levels. 

The  reaction  of  pure  albumin  with  0.3  mM  aspirin,  for  24  h, 
yielded  four  modified  lysines:  Lys-199,  Lys-402,  Lys-519,  and  Lys- 
545.  Acetylation  of  Lys-199  by  aspirin  has  been  reported 
previously  [3,4],  but  the  identity  of  the  other  acetylated  lysines 
is  new  in  this  report.  The  finding  that  additional  lysines  are 
acetylated  is  consistent  with  studies  that  show  the  involvement  of 
several  sites  in  the  reaction  of  albumin  with  low  (0.1 -0.5  mM) 
concentrations  of  aspirin  [2,18]. 

Treatment  of  human  plasma  with  0.3  mM  aspirin,  for  1  h 
40  min,  resulted  in  the  acetylation  of  two  lysines:  Lys-199  and  Lys- 
519.  The  fact  that  only  two  of  these  lysines  were  found  to  be 
acetylated  in  plasma  may  be  explained  by  the  shorter  incubation 
period  as  well  as  faster  hydrolysis  of  aspirin  in  plasma  compared  to 
phosphate  buffer.  Aspirin  hydrolysis  in  plasma  is  catalyzed  by 
butyrylcholinesterase.  The  half-life  of  aspirin  in  0.1  M  phosphate 
buffer,  pH  7.4  at  37  °C  is  15.4  h  [19]  vs.  1.6  bin  plasma  at  37  °C[20] 
and  vs.  0.8  h  in  whole  blood  [20]. 


To  mimic  repeated  doses  of  aspirin,  plasma  was  treated  with 
0.3  mM  aspirin  3  times  with  1  h  and  40  min  between  treatments. 
Two  treatments  led  to  the  acetylation  of  Lys-199,  Lys-402,  Lys-519, 
and  Lys-545.  The  third  treatment  added  Lys-136  to  residues  found 
with  first  two  “doses”.  The  time  difference  between  treatments 
corresponds  to  5  half-lives  of  aspirin  in  vivo  [17];  consequently 
about  96%  of  the  aspirin  should  have  been  hydrolyzed  in  1  h 
40  min.  However  in  isolated  plasma  aspirin  was  found  to  survive 
longer  [20,21].  Thus,  1  h  and  40  min  is  not  enough  for  aspirin  to 
break  down  completely,  meaning  that  the  observed  increase  in  the 
number  of  acetylation  sites  may  be  due  to  build  up  of  aspirin 
concentration.  The  possibility  that  repeated  doses  of  aspirin  would 
lead  to  enhancement  of  acetylation  in  vivo  cannot  be  ruled  out. 

4.3.  26  Lysines  acetylated  by  high  concentration  of  aspirin 

The  reaction  of  pure  albumin  with  20  mM  aspirin  resulted  in 
the  acetylation  of  26  lysine  residues.  Six  peptides  were  identified 
only  with  MALDl  MS/MS,  eight  only  with  Q-TRAP  MS/MS,  and 
twelve  peptides  were  identified  with  both  methods.  This 
difference  between  mass  spectrometers  is  not  surprising.  It  is 
generally  accepted  that  different  ionization  techniques  utilized  by 
MALDl  and  Q-TRAP  mass  spectrometers  allow  identification  of 
more  peptides  than  either  method  used  alone  [22,23]. 

However,  this  high  acetylation  burden  is  not  likely  to  occur  in 
vivo,  since  a  20  mM  aspirin  concentration  is  well  beyond  the 
therapeutic  blood  level.  In  addition,  concentrations  of  salicylic 
acid,  the  metabolite  of  aspirin,  greater  than  5.4  mM  cause  severe 
toxicity  [24]. 

Lys-199  was  proposed  to  be  the  preferential  site  of  acetylation 
in  early  studies  [2].  Our  data  support  this  finding:  Lys-199  was 
among  the  first  few  sites  to  be  labeled  by  0.1  mM  aspirin. 
Moreover,  this  site  together  with  Lys-519  were  the  first  to  react 
under  physiological  conditions.  Lys-199  reactivity  can  be 
explained  by  the  unusually  low  pKa  of  its  s-N-amino  group 
(pKa  8)  [9].  This,  in  turn,  may  be  due  to  the  close  proximity  of 
positively  charged  residues,  Lys-195,  Arg-281,  Arg-222,  which 
would  disfavor  protonation  of  Lys-199  [25]. 

Additional  sites  with  high  reactivity  towards  aspirin  were  Lys- 
402  and  Lys-545.  All  of  these  residues  are  located  on  the  surface  of 
albumin  where  they  are  available  to  solvent. 

4.4.  Acetylated  lysine  is  stable 

To  assess  the  persistence  of  acetylation,  the  stability  of 
acetylated  LICCASLQK  peptide  was  measured.  It  was  found  that 
Lys-1 99  remains  1 00%  acetylated  at  pH  7.4, 37  °C  for  up  to  21  days. 
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Assuming  an  albumin  half-life  of  20  days  in  the  blood  [9],  it  can  be 
anticipated  that  once  it  becomes  acetylated,  albumin  remains 
acetylated  for  the  remainder  of  its  life-time  in  the  circulation.  This 
idea  is  supported  by  the  striking  finding  of  a  small  amount  of 
acetylated  albumin  in  commercial  albumin,  which  indicates  that 
albumin  does  not  lose  the  acetyl  group  even  under  conditions  of 
commercial  preparation. 

4.5.  Tyrosine  411  is  not  acetylated  by  aspirin 

One  of  the  aims  of  this  study  was  to  establish  the  role  of  Tyr-41 1 
in  the  reaction  between  aspirin  and  albumin,  since  this  site  was 
shown  to  be  important  in  the  hydrolysis  of  other  acetyl-containing 
agents  [7,26].  It  seemed  reasonable  to  propose  that  aspirin  reacts 
with  albumin  by  the  same  mechanism  as  other  phenyl  acetates 
[27].  In  which  case,  labeling  of  Tyr-411  was  expected.  In  the 
present  study,  the  reaction  with  aspirin  was  stopped  after  different 
time  points;  albumin  was  digested  with  pepsin  and  analyzed  by 
MALDl  mass  spectrometry  to  find  shifted  peptides  due  to 
acetylation  on  Tyr-411.  Though  the  expected  mass  shift  was 
found,  after  extended  reaction,  the  labeled  residue  was  Lys-414  not 
Tyr-411. 

Why  then  does  aspirin  behave  differently  from  other  phenyl 
esters?  Sakurai  et  al.  [28]  proposed  a  mechanism  by  which  p- 
nitrophenyl  esters  react  with  Tyr-411.  In  their  model,  the  side 
chain  of  Arg-410  forms  a  hydrogen  bond  with  the  carbonyl  oxygen 
of  the  ester,  thus  facilitating  nucleophilic  attack  by  the  phenolic 
oxygen  of  Tyr-411  on  the  carbonyl  carbon  of  the  ester  [28]. 
However,  in  the  case  of  aspirin  the  reaction  may  be  complicated  by 
the  presence  of  carboxylic  group.  Therefore,  it  is  possible  that  the 
carboxylic  oxygens  rather  than  the  carbonyl  oxygen  of  the  acetyl 
group  interact  with  Arg-410,  making  the  acetylation  of  Tyr-411 
impossible  due  to  a  wrong  orientation  of  the  aspirin  molecule. 

In  conclusion,  the  aspirin  esterase  activity  of  albumin  is  a  half¬ 
reaction  in  which  only  lysines  are  stably  acetylated.  Aspirin 
molecules  are  hydrolyzed  in  a  reaction  that  consumes  albumin 
binding  sites,  making  them  unavailable  for  reaction  with  other 
esters.  Tyr-411  does  not  contribute  to  these  reactions. 

4.6.  Acetylated  albumin  has  altered  binding  affinity 

Albumin  function  in  vivo  might  be  altered  by  acetylation  from 
aspirin.  Interestingly,  interaction  between  aspirin  and  albumin 
was  first  noted  because  of  the  increased  capacity  of  aspirin-treated 
albumin  to  bind  acetrizoate  [1  ].  It  was  then  proposed,  that  this  was 
a  result  of  structural  changes  in  human  albumin  induced  by 
acetylation  [2].  These  early  studies  generated  the  idea  that  albumin 
affinity  for  anions  that  were  structurally  related  to  acetrizoate  may 
also  be  altered  by  acetylation  [1].  Later,  acetylation  of  albumin  by 
aspirin  was  found  to  increase  the  affinity  of  albumin  for 
phenylbutazone,  but  decrease  its  affinity  for  flufenamic  acid  [29]. 

In  addition,  acetylation  of  albumin  by  aspirin  was  demon¬ 
strated  to  inhibit  bilirubin  binding  [30].  Bilirubin  binds  to  site  1 
located  in  the  llA  subdomain  of  the  albumin  molecule  [9].  This  site 
also  binds  aspirin  and  salicylic  acid  and  includes  the  reactive 
residue  Lys-199  [4].  Thus,  acetylation  occurring  at  binding  site  1 
changes  the  albumin  affinity  for  bilirubin  [30]. 

Finally,  binding  of  aspirin  to  human  albumin  was  shown  to 
reduce  prostaglandins  binding  to  albumin  [31  ].  This  was  proposed 
to  accelerate  clearance  of  prostaglandins,  thus  serving  as  an 
additional  mechanism  of  the  aspirin  anti-inflammatory  effect  [31  ]. 

4.7.  Summary 

Reaction  between  human  albumin  and  aspirin  leads  to  stable 
acetylation  of  multiple  lysine  residues  (see  Table  1).  Thus  the 


aspirin  esterase  activity  of  albumin  is  more  properly  classified  as  a 
pseudo-esterase  activity.  Tyr-411  was  found  not  to  play  a  role  in 
this  reaction.  Considering  the  widespread  use  of  aspirin  by  children 
and  adults,  investigation  into  the  consequences  of  the  acetylation 
of  albumin  on  the  various  functions  of  albumin  in  vivo  is  of  interest. 
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The  accepted  target  for  organophosphorus  agent  (OP)  binding  to  enzymes  is  the  active  site  serine  in  the 
consensus  sequence  Gly  X  Ser  X  Gly.  New  motifs  have  been  identified  by  using  mass  spectrometry  to 
fragment  OP-Iabeled  peptides.  It  has  been  found  that  OP  can  make  covalent  bonds  with  tyrosine  and 
lysine  in  proteins  that  have  no  active  site  serine.  The  OP-tyrosine  bond  is  stable,  and  does  not  undergo 
the  decay  seen  with  OP-serine.  Information  on  OP  binding  to  tyrosine  has  been  applied  to  diagnosis  of 
OP  exposure,  through  the  use  of  mass  spectrometry  to  detect  OP-Iabeled  albumin  in  human  and  animal 
plasma.  It  is  expected  that  the  new  OP  binding  motif  will  aid  in  the  search  for  a  mechanism  of  low  dose  OP 
toxicity.  It  is  hypothesized  that  proteins  involved  in  axonal  transport,  especially  proteins  whose  function 
depends  on  reversible  phosphorylation,  are  prime  candidates  for  a  role  in  OP-induced  neurodegeneration. 
Treatment  of  neurodegenerative  disorders  could  be  developed  by  identifying  methods  to  reverse  OP 
binding  to  tyrosine. 
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1.  Introduction 

1.1.  Historical  perspective  on  OP  binding  to  the  active  site  serine 
in  the  serine  hydrolase  superfamily 

In  1953,  scientists  knew  that  organophosphorus  agents  irre¬ 
versibly  inhibit  chymotrypsin,  trypsin,  acetylcholinesterase, 
and  butyrylcholinesterase  (pseudocholinesterase).  It  was 
argued  that  the  OP  binding  site  had  to  be  histidine.  How¬ 
ever,  Norwood  Schaffer  isolated  L-serine  phosphoric  acid  from 
diisopropylfluorophosphate-inhibited  chymotrypsin,  thus  pro¬ 
viding  the  first  evidence  that  the  label  was  on  serine  [1].  This 
result  was  unacceptable  to  biochemists  because  they  argued  that 
serine  could  not  ionize  at  physiological  pH  and  therefore  could 
not  be  directly  involved  in  a  reaction  with  OP.  It  was  suggested 
that  histidine  was  the  original  reactive  group  and  that  the  OP 
was  transferred  from  histidine  to  serine  [2].  Labeling  experiments 
with  eel  acetylcholinesterase  [3],  trypsin  [4],  horse  serum  butyryl¬ 
cholinesterase  [5],  and  horse  liver  aliesterase  [6]  confirmed  that 
the  OP-labeled  residue  in  these  proteins  was  serine.  OP-labeled 
histidine  was  never  found  in  these  proteins.  Determination  of 
the  crystal  structure  of  chymotrypsin  by  Blow  et  al.,  led  to  the 
understanding  that  ionization  of  the  active  site  serine  was  pro¬ 
moted  by  interaction  with  histidine  and  aspartic  acid  [7].  Thus,  the 
concept  of  the  catalytic  triad  for  serine  proteases  and  esterases 
was  born.  A  catalytic  triad  of  serine,  glutamic  acid,  and  histidine 
has  been  found  in  the  crystal  structures  of  acetylcholinesterase 
[8]  and  butyrylcholinesterase  [9].  Today  it  is  generally  accepted 
that  serine,  in  the  consensus  sequence  GXSXG,  is  the  active  site 
nucleophile  and  that  this  serine  makes  a  covalent  bond  with 
organophosphorus  agents  directly.  Covalent  binding  to  the  active 
site  serine  results  in  irreversible  inhibition  of  enzymes  in  the 
serine  hydrolase  superfamily.  It  is  generally  accepted  that  the 
acute  toxicity  of  OP  is  due  to  inhibition  of  acetylcholinesterase  in 
nerve  synapses. 

2.  OP  binding  to  histidine 

A  60kDa  glycosylated  carboxylesterase  isolated  from  rab¬ 
bit  liver  was  treated  with  [H^]-diisopropylfluorophosphate  and 
digested  with  proteases  [10,11].  Peptides  were  purified  by  HPLC 
and  sequenced.  Radiolabeled  diisopropylphosphate  was  found  on 
the  active  site  serine  as  well  as  on  the  histidine  of  the  catalytic 
triad.  The  covalent  bond  to  histidine  was  stable  in  88%  formic  acid, 
used  during  peptide  purification.  Covalent  binding  of  OP  to  histi¬ 
dine  had  long  been  hypothesized  but  has  never  before  or  since  been 
demonstrated  to  occur  in  a  protein. 

3.  OP  binding  to  proteins  without  inhibiting  activity 

A  single  tyrosine  residue  was  covalently  labeled  by  treat¬ 
ment  of  papain,  egg-white  lysozyme,  and  Taka-amylase  A  with 
diisopropylfluorophosphate  [12-14].  The  OP-modified  enzymes 
retained  full  activity  with  casein,  glycol  chitin,  and  amylose 
[12].  Up  to  four  tyrosines  were  labeled  in  stem  bromelain 
by  treatment  with  a  400-fold  molar  excess  of  diisopropylflu¬ 
orophosphate  in  pH  8.2  buffer  [15].  Activity  toward  casein 
was  unaffected.  At  pH  11  one  tyrosine  and  three  additional 
residues,  that  were  not  tyrosine,  were  modified  by  treatment  of 
egg-white  lysozyme  with  a  300-fold  molar  excess  of  diisopropy¬ 
lfluorophosphate  [14].  At  pH  9.5  only  one  residue  was  labeled,  and 
that  residue  was  tyrosine.  The  organophosphorylated  lysozyme 
retained  full  activity  on  glycol  chitin  and  p-nitrophenyl  acetate,  but 
showed  25%  decrease  in  lytic  activity  on  Micrococcus  lysodeikticus 
cells. 


4.  OP  binding  to  tyrosine 

4.1.  Low  dose  toxicity 

Low  doses  of  OP  that  do  not  inhibit  acetylcholinesterase  nev¬ 
ertheless  cause  cognitive  deficits  in  some  people.  Epidemiologists 
have  linked  chronic  low  dose  OP  exposure  to  Parkinson’s  dis¬ 
ease,  neurologic  dysfunction.  Gulf  War  Illness  [16],  and  depression 
[16-19] 

Bronchoconstriction  is  caused  by  low  doses  of  organophospho¬ 
rus  pesticides  that  inhibit  1VI2  muscarinic  receptor  function  without 
inhibiting  acetylcholinesterase  activity  [20].  1VI2  muscarinic  recep¬ 
tors  covalently  bind  chlorpyrifos  oxon  [21  ]  at  an  unknown  site.  The 
1VI2  muscarinic  receptor  has  no  active  site  serine.  Therefore  it  is  a 
clear  example  of  a  protein  outside  the  serine  hydrolase  superfamily 
for  which  reaction  with  low  doses  of  OP  disrupts  function. 

Chlorpyrifos  oxon,  at  concentrations  far  below  those  required  to 
inhibit  acetylcholinesterase,  reduces  neurite  outgrowth  in  primary 
cultures  of  sympathetic  neurons  derived  from  the  embryonic  rat 
superior  cervical  ganglia.  This  is  an  example  of  disruption  of  neuron 
morphogenesis  by  doses  of  OP  too  low  to  bind  to  the  classical  active 
site  serine  [22]. 

Proteins  important  for  axonal  transport  have  been  implicated 
in  neurodegenerative  diseases  [23]  and  are  prime  candidates 
for  proteins  responsible  for  OP  low  dose  neurotoxicity.  Neurons 
rely  heavily  on  phosphorylation-dependent  intracellular  signaling 
mechanisms  [23],  suggesting  that  irreversible  OP  binding  to  a  site 
that  is  normally  reversibly  phosphorylated  will  result  in  neuron 
dysfunction.  If  multiple  proteins  are  involved,  it  follows  that  differ¬ 
ent  OP  will  react  differently  with  the  different  targets,  and  that  the 
identity  of  the  OP  target  will  depend  on  the  identity  of  the  OP. 

4.2.  Albumin 

Our  search  for  additional  OP  targets  was  begun  by  treating 
live  mice  with  a  biotin-labeled  OP  called  FP-biotin  [24].  Doses 
of  FP-biotin  that  did  not  inhibit  acetylcholinesterase  were  found 
to  label  albumin.  Mass  spectral  analysis  of  pure  human  albu¬ 
min,  pure  mouse  albumin,  and  human  plasma  identifled  tyrosine 
41 1  as  the  amino  acid  that  is  labeled  by  soman,  sarin,  chlorpyri¬ 
fos  oxon,  dichlorvos,  diisopropylfluorophosphate,  and  FP-biotin 
[25,26].  Additional  tyrosines  as  well  as  serines  are  labeled  when 
the  experimental  conditions  are  maximized,  but  tyrosine  411  is 
always  the  most  reactive  residue  in  human  albumin  [27,28] 

Human  plasma  treated  ex  vivo  with  OP  was  found  to  have 
OP-labeled  albumin  [25].  Human  plasma  from  individuals  who 
attempted  suicide  by  drinking  dichlorvos  had  dichlorvos-labeled 
albumin  in  their  blood;  the  OP  label  was  on  tyrosine  411  (Li  et 
al.,  unpublished).  Live  guinea  pigs  treated  with  nerve  agents  had 
OP-labeled  tyrosine  in  plasma  digests,  the  tyrosine  presumably 
originating  from  albumin  [29,30]. 

OP-albumin  adducts  on  tyrosine  have  several  advantages  over 
OP-cholinesterase  as  biomarkers  of  OP  exposure.  The  OP-tyrosine 
adduct  on  albumin  is  more  stable  than  the  OP-serine  adduct  on 
butyrylcholinesterase  as  shown  by  the  flnding  that  OP-tyrosine  is 
detectable  in  guinea  pigs  24  days  after  treatment  with  nerve  agents, 
at  a  time  when  OP-butyrylcholinesterase  is  undetectable  [29].  In 
vitro  studies  have  shown  that  the  half-life  of  the  tyrosine  411 
adduct  with  soman  is  20  days  at  pH  7.4  and  22  °C  [26].  The  chlor¬ 
pyrifos  oxon  adduct  on  tyrosine  41 1  of  human  albumin  loses  only 
25%  of  the  OP  after  8  months  incubation  at  pH  7.4  and  22  °C  [28].  The 
stability  of  the  OP-tyrosine  adduct  makes  OP-albumin  a  suitable 
biomarker  of  exposure  to  OP  nerve  agents  and  OP  pesticides. 

Another  characteristic  of  OP-tyrosine  adducts  is  that  they  do 
not  age  [25,26,30-32].  For  example,  the  pinacolyl  group  of  soman 
is  retained  in  the  soman-tyrosine  adduct  [26].  This  contrasts  with 
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soman-serine  adducts  on  cholinesterases  which  lose  the  pinacolyl 
group  about  2  min  after  covalent  binding  to  the  active  site  serine. 
Thus,  the  character  of  the  OP-albumin  adduct  is  more  closely  akin 
to  that  of  the  original  OP  than  is  the  OP-cholinesterase  adduct.  This 
makes  identification  of  the  original  OP  more  reliable. 

Oxime  therapy  displaces  the  OP  from  serine,  but  not  from  tyro¬ 
sine  [29].  Therefore,  identification  of  the  OP  to  which  a  patient  was 
exposed  can  be  made  after  the  patient  has  been  treated  with  oxime. 

4.3.  Tubulin 

OP-labeling  of  albumin  is  not  an  explanation  for  low  dose  toxic¬ 
ity.  However,  covalent  binding  of  OP  to  tyrosine  in  albumin  suggests 
that  proteins  other  than  the  serine  hydrolases  could  be  involved 
in  low  dose  OP  toxicity.  Tubulin  is  a  candidate  protein  for  this 
role.  Tubulin  polymerizes  to  microtubules.  Microtubules  play  an 
integral  part  in  axonal  transport,  and  behavioral  studies  correlate 
chronic  low  dose  chlorpyrifos  exposure  with  cognitive  dysfunction 
and  with  disruptions  in  axonal  transport  [33,34].  Microtubules  are 
essential  for  the  architecture  of  neuronal  cells,  as  well  as  for  trans¬ 
port  of  cell  organelles  from  the  cell  body  to  the  axon.  Drugs  such  as 
taxol  that  target  microtubule  structure  result  in  cell  death 

Studies  with  pure  bovine  tubulin  have  shown  that  tubulin  is 
readily  labeled  by  chlorpyrifos  oxon,  soman,  sarin,  dichlorvos,  and 
FP-biotin  [35,36].  The  labeled  residues  are  tyrosine  and  lysine. 
Tubulin  function  is  disrupted  by  OP  binding  as  visualized  by 
atomic  force  microscopy  nanoimages  of  microtubule  structure, 
which  show  that  in  the  presence  of  0.005  mM  chlorpyrifos  oxon, 
tubulin  polymerizes  to  abnormally  short  microtubules  [37].  Mice 
treated  with  chlorpyrifos  at  a  dose  that  does  not  inhibit  acetyl¬ 
cholinesterase  have  diethoxyphosphorylated  tubulin  in  the  brain 
[38]. 

A  broader  view  of  low  dose  toxicity  suggests  that  OP  may  be 
modifying  many  proteins  associated  with  tubulin  in  addition  to 
tubulin  itself,  and  that  OP  modification  of  these  axonal  transport 
proteins  results  in  the  loss  of  synaptic  function,  alterations  in  axonal 
connectivity,  and  finally  in  cell  death  [23,39,40]. 

4.4.  OP  binding  to  tyrosine  as  a  general  phenomenon 

The  question  arose  whether  OP  binding  to  albumin  and  tubu¬ 
lin  was  a  special  case  or  whether  other  proteins  could  also  make 
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Fig.  1.  Reaction  of  tyrosinate  anion  with  chlorpyrifos  oxon  to  yield  diethoxyphos¬ 
phorylated  tyrosine.  The  anion  of  tyrosine  is  stabilized  by  interaction  with  positively 
charged  arginine  and  lysine  side  chains.  The  tyrosine  anion  reacts  with  chlorpyrifos 
oxon  to  make  a  covalent  bond  with  diethoxyphosphate  while  displacing  3,5,6- 
trichloro-2-pyridinol. 


a  covalent  bond  with  OP.  Purified  proteins  were  treated  with 
diisopropylfluorophosphate,  chlorpyrifos  oxon,  FP-biotin,  soman, 
or  sarin  and  the  labeled  peptide  and  labeled  amino  acid  were  iden¬ 
tified  by  mass  spectrometry.  Table  1  summarizes  the  proteins  and 
the  OP-modified  tyrosines  in  proteins  that  have  been  identified  to 
date.  Only  the  most  reactive  tyrosine,  Tyr  411 ,  is  listed  in  Table  1  for 
human  albumin.  Additional  OP-labeled  tyrosines  in  human  albu¬ 
min  can  be  found  in  Ding  et  al.  [28].  A  more  complete  list  of  proteins 
labeled  by  OP  on  tyrosine  and  the  sequences  of  OP-labeled  peptides 
is  found  in  Schopfer  et  al.  [41].  It  is  concluded  that  OP  binding  to 
tyrosine  is  a  general  phenomenon.  Many  proteins  can  be  labeled 
on  tyrosine  by  OP. 

Not  all  tyrosines  in  a  protein  are  labeled  by  OP.  The  most  reac¬ 
tive  tyrosines  are  accessible  to  solvent  and  are  presumably  in  an 
environment  that  stabilizes  the  ionized  form  of  the  phenolic  group 
of  tyrosine.  Table  1  summarizes  the  amino  acid  sequences  around 
the  OP-labeled  tyrosines.  There  is  no  consensus  sequence  for  the 
reactive  tyrosines,  but  a  positively  charged  group  (Arg,  Lys  and 
His)  is  usually  present  within  five  residues  of  the  reactive  tyrosine. 
The  nearby  positively  charged  residue  could  stabilize  the  tyrosinate 
form  of  the  tyrosine  making  it  a  better  nucleophile  in  reactions  with 
OP  (Fig.  1). 

The  proteins  in  Table  1  react  slowly  with  OP  compared  to  the  rate 
of  reaction  of  OP  with  the  cholinesterases.  The  fact  that  a  particular 
tyrosine  in  albumin  is  more  reactive  than  other  tyrosines  suggests 
that  the  reactivity  of  tyrosine  is  enhanced  by  its  environment.  This 
further  suggests  that  proteins  with  even  higher  reactivity  than 
albumin  may  exist.  If  these  proteins  are  in  low  abundance  but 
have  an  essential  physiological  function,  then  OP  binding  to  such 
proteins  could  contribute  to  low  dose  toxicity. 


Table  1 

Proteins  labeled  by  OP  on  tyrosine. 


Protein 

Accession  number 

OP-labeled  tyrosine 

Reference 

Human  albumin 

gi  28592 

NALLVRY411TKKVPQ 

[25,27] 

Bovine  albumin 

gi 30794280 

NALIVRY410TRKVPQ 

[45] 

Guinea  pig  albumin 

gi  33518896 

NALAVRY4iiTQKAPQ 

[29] 

Mouse  albumin 

gi 3647327 

NA1LVRY4iiTQ,KAPQ 

Present  report 

Mouse  albumin 

gi 3647327 

YEKLGEY401GFQNAI 

Present  report 

Bovine  tubulin  alpha 

gi  73586894 

EVRTGTYgsRQLFHP 

[36] 

Bovine  tubulin  beta 

gi  75773583 

EATGGKY59VPRAVL 

[36] 

Bovine  tubulin  beta 

gi 75773583 

SRGSQ,QY28iRALTVP 

[36] 

Bovine  tubulin  beta 

gi  75773583 

SKIREEY159PDRIMN 

[36] 

Mouse  tubulin  beta 

gi 21746161 

LERINVY50Y51NEATGN 

[41] 

Human  transferrin 

gi  136191 

RKPVDEY257l<DCHLA 

[46] 

Human  transferrin 

gi  136191 

RKPVEEY593ANCHLA 

[46] 

Human  kinesin  3C  motor  domain 

gi 160286524 

YLVRASY157LEIYQE 

[47] 

Mouse  transferrin 

gi 21363012 

RKPVDQY257EDCY261 LARIPS 

[46] 

Mouse  transferrin 

gi 21363012 

RMDYRLY333  LGHNY338  VTAIRN 

[46] 

Mouse  transferrin 

gi 21363012 

GIFPKGY448Y449AVAVVK 

[46] 

Mouse  transferrin 

gi 21363012 

QGCAPGYgioEKNSTL 

[46] 

Mouse  transferrin 

gi  21363012 

PNNKEEY534NGY537TGAFRC 

[46] 

Mouse  ATP  synthase 

gi 20455479 

QKILQDY431KSLQDI 

[47] 

Papain 

gi  129614 

NEGALLY256S1ANQP 

[13] 

Numbering  for  residues  in  albumin  is  for  mature  albumin  minus  the  signal  peptide.  Numbering  for  other  proteins  uses  Met  in  the  signal  peptide  as  residue  1.  Accession 
numbers  are  from  the  NCBl  nonredundant  protein  database. 
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4.5.  OP  binding  to  free  tyrosine  and  to  tyrosine  in  short  peptides 

Free  tyrosine  in  pH  7  buffer  is  labeled  by  DFP,  but  is  not  labeled 
by  paraoxon  (E600)  [42].  Short  peptides  containing  four  to  five 
amino  acids  including  tyrosine  are  readily  labeled  by  OP  when  the 
peptide  is  treated  with  a  10-fold  molar  excess  of  OP  in  lOmM 
Tris-Cl  pH  8.0  or  in  lOmM  ammonium  bicarbonate  pH  8.3.  For 
example,  a  1  mg/ml  solution  of  peptide  RYGRK  (1.47  mM)  treated 
with  14.7  mM  soman  for  2  days  at  37  °C  labels  up  to  80%  of  the 
tyrosine  in  that  peptide. 

5.  OP  binding  to  lysine 

Mass  spectrometry  analysis  of  purified  proteins  treated  with 
chlorpyrifos  oxon  or  diisopropylfluorophosphate  identified  OP- 
labeled  lysine.  OP-labeled  lysines  were  found  in  human  albumin, 
human  keratins  1  and  10,  bovine  tubulin  alpha  and  beta,  bovine 
actin,  and  mouse  transferrin  [43].  These  same  proteins  also  had 
OP-labeled  tyrosine. 

Lysine  acetylation  contributes  to  RNA  splicing,  regulation  of  the 
cell  cycle,  chromatin  remodeling,  DNA  replication,  transcription, 
actin  cytoskeleton  remodeling,  nuclear  transport,  and  the  function 
of  chaperone  proteins  [44].  Binding  of  OP  to  lysine  could  inter¬ 
fere  with  acetylation  of  lysine  and  therefore  with  the  function  of 
proteins  involved  in  biological  processes. 

6.  Potential  applications  and  significance  of  the  new  OP 
binding  motif 

6. 1 .  Biomarker  of  OP  exposure 

The  recognition  of  tyrosine  41 1  in  albumin  as  a  binding  site  for 
OP  has  led  to  the  development  of  mass  spectrometry  assays  for 
detection  of  OP-labeled  albumin  in  animals  and  humans  exposed 
to  OP.  Advantages  of  using  albumin  as  a  biomarker  of  exposure  are 
(1)  OP-labeled  albumin  is  stable;  (2)  OP-labeled  albumin  does  not 
age  and  (3)  albumin  is  present  in  saliva,  suggesting  that  an  assay 
using  saliva  could  be  developed. 

6.2.  Antibodies  for  detection  of  OP  exposure 

Antibodies  for  detection  of  OP-tyrosine  and  OP-lysine  adducts 
could  be  developed.  Antibodies  against  OP-tyrosine  adducts  are 
more  likely  to  be  useful  than  antibodies  against  OP-serine  adducts 
because  OP-tyrosine  adducts  are  stable,  whereas  OP-serine  adducts 
undergo  spontaneous  decay  to  dehydroalanine  as  well  as  to  dealky- 
lated  “aged”  adducts.  Decay  of  the  OP-serine  adducts  complicates 
their  use  as  antigens  for  the  production  of  OP-specific  antibodies. 
Decay  of  OP-serine  adducts  formed  in  vivo  reduces  their  potential 
to  be  identified. 

6.3.  Peptide  scavengers  for  decontamination 

Short  peptides  could  be  developed  for  use  as  decontaminants  of 
nerve  agent  spills.  These  short  peptides  would  include  tyrosine  and 
positively  charged  amino  acids  to  activate  the  tyrosine  for  reaction 
with  OP. 

6.4.  Understanding  low  dose  toxicity 

The  molecular  mechanism  by  which  low  dose  OP  exposure 
results  in  cognitive  dysfunction  is  not  yet  understood.  Advances 
in  this  area  are  slowed,  because  it  is  not  yet  known  which  proteins 
in  the  brain  are  involved.  Progress  in  understanding  the  relation¬ 
ship  between  low  dose  OP  exposure  and  disease  will  be  accelerated 


once  the  relevant  OP-modified  proteins  have  been  identified.  The 
new  OP  binding  motifs  to  tyrosine  and  lysine  suggest  that  almost 
any  protein  should  be  considered  when  searching  for  proteins  that 
could  be  involved  in  low  dose,  OP-induced  cognitive  dysfunction. 

6.5.  Treatment  of  low  dose  toxicity 

Oximes  do  not  remove  the  OP  from  binding  to  tyrosine.  A  search 
for  methods  to  reverse  OP  binding  to  tyrosine  could  lead  to  a  treat¬ 
ment  for  cognitive  dysfunction  from  low  dose  exposure  to  OP. 

7.  Conclusion 

Mass  spectrometry  has  provided  conclusive  proof  that  proteins 
with  no  active  site  serine  covalently  bind  organophosphorus  agents 
on  tyrosine  and  lysine.  This  result  suggests  new  directions  to  search 
for  mechanisms  of  low  dose  OP  toxicity. 
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Human  albumin  is  thought  to  hydrolyze  esters  because  mul¬ 
tiple  equivalents  of  product  are  formed  for  each  equivalent  of 
albumin.  Esterase  activity  with  /;-nitrophenyl  acetate  has  been 
attributed  to  turnover  at  tyrosine  411.  However, /;-nitrophenyl 
acetate  creates  multiple,  stable,  acetylated  adducts,  a  property 
contrary  to  turnover.  Our  goal  was  to  identify  residues  that 
become  acetylated  by  /;-nitrophenyl  acetate  and  determine  the 
relationship  between  stable  adduct  formation  and  turnover. 
Fatty  acid-free  human  albumin  was  treated  with  0.5  mM /7-nitro- 
phenyl  acetate  for  5  min  to  2  weeks,  or  with  10  mM /;-nitrophenyl 
acetate  for  48  h  to  2  weeks.  Aliquots  were  digested  with  pepsin, 
trypsin,  or  GluC  and  analyzed  by  mass  spectrometry  to  identify 
labeled  residues.  Only  Tyr-411  was  acetylated  within  the  first  5 
min  of  reaction  with  0.5  mM /;-nitrophenyl  acetate.  After  0.5-6 
h  there  was  partial  acetylation  of  16-17  residues  including 
Asp-1,  Lys-4,  Lys-12,  Tyr-411,  Lys-413,  and  Lys-414.  Treatment 
with  10  mM  /;-nitrophenyl  acetate  resulted  in  acetylation  of  59 
lysines,  10  serines,  8  threonines,  4  tyrosines,  and  Asp-1.  When 
Tyr-411  was  blocked  with  diisopropylfluorophosphate  or  chlor- 
pyrifos  oxon,  albumin  had  normal  esterase  activity  with  jS-naph- 
thyl  acetate  as  visualized  on  a  nondenaturing  gel.  However,  after 
82  residues  had  been  acetylated,  esterase  activity  was  almost 
completely  inhibited.  The  half-life  for  deacetylation  of  Tyr-411 
at  pH  8.0, 22  °C  was  61  ±  4  h.  Acetylated  lysines  formed  adducts 
that  were  even  more  stable.  In  conclusion,  the  pseudo-esterase 
activity  of  albumin  is  the  result  of  irreversible  acetylation  of  82 
residues  and  is  not  the  result  of  turnover. 


Human  albumin  has  been  reported  to  have  esterase  activity 
with  j2-nitrophenyl  acetate  (1,  2),  a-naphthyl  acetate,  phenyl 
acetate,  1 -naphthyl  A/^-methylcarbamate  (3),  /3-naphthyl  acetate 
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(4),  aspirin  (5),  ketoprofen  glucuronide  (6),  carprofen  acylglu- 
curonide  (7),  cyclophosphamide  (8),  nicotinate  esters  (9),  long- 
and  short-chain  fatty  acid  esters  (10),  octanoyl  ghrelin  (11), 
organophosphorus  pesticides  (12),  carbaryl  (13),  o-nitrotriflu- 
oroacetanilide  (14),  o-nitroacetanilide  (15),  and  nerve  agents 
(16). 

One  site  in  albumin  is  rapidly  acetylated  by  j2-nitrophenyl 
acetate,  showing  a  burst  of  product,  but  up  to  5.2  molar  equiv¬ 
alents  are  incorporated  when  albumin  is  treated  with  a  9-fold 
excess  of  j2-nitrophenyl  acetate  (1).  The  5  equivalents  of 

label  are  not  removable  by  extensive  dialysis.  The  esteratic 
site  has  been  identified  as  Tyr-411  based  on  site-directed 
mutagenesis  studies  (17).  Mass  spectrometry  (MS)^  has 
identified  Tyr-411  as  the  residue  labeled  by  organophospho¬ 
rus  esters  including  diisopropylfluorophosphate  (DFP), 
soman,  sarin,  dichlorvos,  FP-biotin,  and  chlorpyrifos  oxon 
(16,  18)  confirming  the  report  by  Sanger  that  a  tyrosine  in 
albumin  is  labeled  by  DFP  (19), and  reports  that  a  tyrosine  in 
albumin  is  labeled  by  the  nerve  agents  soman,  sarin,  cyclo¬ 
sarin,  and  tabun  (20).  When  albumin  is  labeled  with  1  mol  of 
DFP,  albumin  loses  the  fast  phase  of  its  esterase  activity  (the 
burst),  supporting  the  conclusion  that  DFP  and  j9-nitrophe- 
nyl  acetate  bind  to  the  same  site,  namely  to  Tyr-411  (21). 

Our  goal  was  to  identify  the  additional  sites  labeled  by  j9-ni- 
trophenyl  acetate.  We  wanted  an  explanation  for  the  appar¬ 
ently  inconsistent  observation  that  albumin  hydrolyzes  j9-ni- 
trophenyl  acetate  at  measurable  rates,  yet  the  ^^C-acetylated 
albumin  formed  by  /7-nitrophenyl  acetate  is  a  stable  adduct. 


Materials — A  1  mg/ml  solution  of  fatty  acid-free  human 
albumin  (Fluka  05418,  via  Sigma)  was  dissolved  in  10  mM  Tris- 
Cl,  pH  8.0.  A 1  mg/ml  solution  of  porcine  pepsin  (Sigma  P6887) 
in  10  mM  HCl  was  stored  at  —80  °C.  Sequencing  grade  modified 
trypsin  (Promega  V5113)  at  a  concentration  of  20  pg  in  50  pi  of 
50  mM  acetic  acid  was  stored  at  —80  °C.  Endoproteinase  GluC 
{Staphylococcus  aureus  protease  V8)  was  from  Worthington 
Biochemical  Corp  (Lakewood,  NJ,  LS003608).  1  mg  of  GluC 
powder  was  dissolved  in  210  pi  of  water,  aliquoted  into  micro- 


^  The  abbreviations  used  are:  MS,  nnass  spectrometry;  DFP,  diisopropylfluoro¬ 
phosphate;  amu,  atomic  mass  unit;  CHCA,  Q;-cyano-4-hydroxycinnamic 
acid;  LC/MS/MS,  liquid  chromatography  tandem  mass  spectrometry; 
MALDI-TOF,  matrix-assisted  laser  desorption  ionization  time  of  flight  mass 
spectrometry;  i.d.,  inner  diameter. 
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centrifuge  tubes  each  containing  10  jutl  (50  jutg),  dried  in  a  vac¬ 
uum  centrifuge,  and  stored  at  —80  °C.  A  10  mg/ml  solution  of 
Q:-cyano-4-hydroxycinnamic  acid  matrix  (CHCA)  (Applied 
Biosystems)  in  50%  acetonitrile,  0.1%  trifluoroacetic  acid  was 
stored  at  room  temperature.  A  0.1  m  solution  of  /7-nitrophenyl 
acetate  (Sigma  N8130)  in  acetonitrile  was  stored  at  —20  °C. 
DFP,  a  liquid  with  a  concentration  of  5.73  M,  was  from  Sigma 
(D0879).  Chlorpyrifos  oxon  (ChemService  Inc.  West  Chester, 
PA;  MET-674B)  was  dissolved  in  methanol  to  make  a  1  M  solu¬ 
tion  and  stored  at  —  80°C.  /3-naphthyl  acetate.  Fast  Blue  RR, 
and  fluorodinitrobenzene  (>99%  pure)  were  from  Sigma.  Albu¬ 
min  samples  were  concentrated  in  a  Microcon  centrifugal 
device  with  a  YMIO  membrane  whose  molecular  weight  cutoff 
was  10,000  (Millipore  42406). 

Pure  Albumin  Labeled  with  p-Nitrophenyl  Acetate,  Digested 
with  Pepsin  While  Albumin  Disulfides  Were  Intact — 1  ml  of  a  1 
mg/ml  solution  of  fatty  acid-free  human  albumin  (15  pu)  in  10 
mM  Tris-Cl,  pH  8.0  was  treated  with  a  33-fold  molar  excess  of 
/7-nitrophenyl  acetate  (5  pi  of  0.1  M  in  acetonitrile)  at  22  °C.  1  ml 
of  control  albumin  solution  was  treated  with  5  pi  of  acetonitrile. 
A  50-jULl  aliquot  was  removed  into  50  pi  of  1%  trifluoroacetic 
acid  containing  2  jutl  of  1  mg/ml  pepsin  after  5, 10, 15,  20,  30, 40, 
50,  60  min,  6  h,  24  h,  9  days,  and  14  days.  The  drop  in  pH  to  1.4 
stopped  the  reaction  with /7-nitrophenyl  acetate.  Digestion  with 
pepsin  was  at  37  °C  for  1  to  2  h.  A  0.5-jULl  aliquot  of  the  digest  was 
spotted  on  a  MALDI  target  plate,  dried,  and  overlaid  with  0.5  pi 
of  CHCA  matrix,  for  analysis  in  a  MALDI-TOF/TOF  4800  mass 
spectrometer. 

Absorbance  at  400  nm  to  Measure  p-Nitrophenolate  Pro¬ 
duced  by  Albumin  Hydrolysis  of  p-Nitrophenyl  Acetate— 1  ml  of 
1  mg/ml  human  albumin  in  10  mM  Tris-Cl,  pH  8.0  was  incu¬ 
bated  with  5  jutl  of  0.1  M  /7-nitrophenyl  acetate  at  22  °C.  At  var¬ 
ious  times  after  mixing,  a  50-jULl  aliquot  was  withdrawn  and 
diluted  to  2  ml  for  measurement  of  absorbance  at  400  nm.  The 
reaction  was  followed  until  all  of  the  /7-nitrophenyl  acetate  was 
consumed.  A  control  sample,  without  albumin,  was  followed  in 
a  similar  manner  to  measure  spontaneous  hydrolysis  of p-mtro- 
phenyl  acetate,  in  10  mM  Tris-Cl,  pH  8.0.  The  amount  of  p-m- 
trophenylate  ion  formed  in  the  albumin  reaction  was  corrected 
for  spontaneous  hydrolysis. 

The  extinction  coefficient  for  the  /7-nitrophenolate  ion  at  pH 
8.0  is  16,900  m“^  cm“^  at  400  nm  (1).  Therefore,  the  completely 
hydrolyzed  500  pM  /7-nitrophenyl  acetate  should  have  an 
absorbance  at  400  nm  of  8.45. 

Albumin  Incubated  with  Potassium  Acetate — To  determine 
whether  acetylation  of  lysines  was  accomplished  by  reaction 
with  /7-nitrophenyl  acetate  or  by  reaction  with  free  acetate,  we 
measured  acetylated  lysines  after  incubation  of  albumin  with 
potassium  acetate.  1  ml  of  1  mg/ml  albumin  in  10  mM  Tris-Cl, 
pH  8.0  was  incubated  with  500  pu  potassium  acetate  for  15  h  at 
22  °C.  A  50-jULl  aliquot  of  the  reaction  mixture  was  removed  into 
50  pi  of  1%  trifluoroacetic  acid  containing  2  jutl  of  1  mg/ml 
pepsin  and  incubated  for  2  h  at  37  °C.  The  digest  was  analyzed 
with  a  MALDI-TOF-TOF  4800  mass  spectrometer,  with 
CHCA  matrix. 

HPLC  Purification  of  the  1872-amu  Acetylated  Peptide 
LVRYTKKVPQVSTPTL— This  peptide  was  purified  to  make  it 
possible  to  get  an  MS/MS  spectrum  of  acetylated  YTK.  The 


acetylated  YTK  peptide  ionized  in  the  mass  spectrometer  only 
when  the  number  of  ions  in  the  mixture  was  minimal.  10  mg  of 
human  albumin  in  1  ml  of  10  mM  Tris-Cl,  pH  8.0  was  treated 
with  a  33-fold  molar  excess  of  /7-nitrophenyl  acetate  for  5  min. 
The  reaction  was  stopped  by  the  addition  of  1  ml  of  1%  triflu¬ 
oroacetic  acid  and  0.1  ml  of  1  mg/ml  pepsin.  After  1  h  at  37  °C, 
the  pepsin-digested  albumin  was  purified  on  a  Waters  625  LC 
system  on  a  Phenomenex  Prodigy  5  micron  C18  100  X  4.60  mm 
column.  Peptides  were  eluted  with  a  60-min  gradient  from  0.1% 
trifluoroacetic  acid  in  water  to  60%  acetonitrile,  0.09%  triflu¬ 
oroacetic  acid  at  a  flow  rate  of  1  ml/min.  An  aliquot  from  each 
1-min  fraction  was  spotted  on  a  MALDI  target  plate  to  identify 
the  fractions  that  contained  the  1872  mass.  It  was  found  that  the 
1872  mass  eluted  with  26%  acetonitrile  in  fractions  26  and  27. 
These  fractions  were  combined,  dried,  and  injected  into  the 
same  Phenomenex  column,  but  this  time  the  elution  solvents 
were  10  mM  potassium  phosphate  pH  7.0  and  acetonitrile.  In  a 
60-min  gradient  from  0  to  60%  acetonitrile,  the  1872  mass 
eluted  in  fractions  37-44.  About  5000  pmol  of  the  purified 
1872-amu  peptide  in  225  pi  of  50  mM  ammonium  bicarbonate 
were  digested  with  2  pg  of  Promega  trypsin  for  4  h  at  37  °C, 
dried,  dissolved  in  50  pi  of  5%  acetonitrile,  0.1%  formic  acid, 
and  infused  into  the  QTRAP  4000  mass  spectrometer. 

Percent  Acetylation  Calculated  from  Cluster  Areas  in  a 
MALDI-TOF-TOF 4800  (Applied Biosystems,  Foster  City) Mass 
Spectrometer— Tssentidilly  salt-free  0.5-jULl  samples  were  spotted 
on  a  MALDI  target  plate,  air-dried,  and  overlaid  with  0.5  pi  of 
10  mg/ml  CHCA  in  50%  acetonitrile,  0.1%  trifluoroacetic  acid. 
MS  spectra  were  acquired  with  laser  power  at  3000  volts  in 
positive  reflector  mode.  Each  spectrum  was  the  average  of  500 
laser  shots.  The  percentage  of  acetylation  was  calculated  by 
dividing  the  cluster  area  of  the  unlabeled  peptide  by  the  sum  of 
the  cluster  areas  for  the  unlabeled  and  labeled  peaks.  The  mass 
spectrometer  was  calibrated  against  des-Arg-bradykinin 
(904.468  Da),  angiotensin  1  (1296.685  Da),  Glu-fibrinopeptide 
B  (1570.677  Da),  and  neurotensin  (1672.918  Da)  (Cal  Mix  1 
from  Applied  Biosystems). 

LC/MS/MS  with  the  QTRAP  2000  and  LCQ  Deca  XP  Mass 
Spectrometers — Human  albumin  treated  with  /7-nitrophenyl 
acetate  was  denatured  by  boiling  10  min  in  the  presence  of  10 
mM  dithiothreitol,  carbamidomethylated  with  90  mM  iodoacet- 
amide,  and  dialyzed  against  2X4  liters  of  10  mM  ammonium 
bicarbonate.  A  500- pg  aliquot  was  digested  with  10  pg  of 
Promega  trypsin  overnight  at  37  °C,  or  with  50  pg  of  GluC. 
The  digest  was  dried  in  a  vacuum  centrifuge  and  dissolved  in 
5%  acetonitrile,  0.1%  formic  acid  to  make  6.7  pmol/jutl.  A 
10- pi  aliquot  was  injected  into  the  HPLC  nanocolumn 
(218MS3.07515  Vydac  C18  polymeric  rev-phase,  75  pm  i.d.  X 
150  mm  long;  P.J.  Cobert  Assoc,  St.  Louis,  MO).  Peptides  were 
separated  with  a  90-min  linear  gradient  from  0  to  60%  acetoni¬ 
trile  at  a  flow  rate  of  0.3  jutl/min  and  electrosprayed  through  a 
fused  silica  emitter  (360  pm  o.d.,  75  pm  i.d.,  15  pm  taper.  New 
Objective)  directly  into  the  QTRAP  2000  (Applied  Biosystems, 
Foster  City,  CA),  a  hybrid  quadrupole  linear  ion  trap  mass  spec¬ 
trometer.  An  ion-spray  voltage  of  1900  V  was  maintained 
between  the  emitter  and  the  mass  spectrometer.  Information- 
dependent  acquisition  was  used  to  collect  MS,  enhanced  MS, 
and  MS/MS  spectra  for  the  three  most  intense  peaks  in  each 
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cycle,  having  a  charge  of  +1  to  +4,  a  mass  between  200  and 
1700  m/z,  and  an  intensity  >10,000  cps.  All  spectra  were  col¬ 
lected  in  the  enhanced  mode,  using  the  trap  function.  Precursor 
ions  were  excluded  for  30  s  after  one  MS/MS  spectrum  had 
been  collected.  The  collision  cell  was  pressurized  to  40  juiTorr 
with  pure  nitrogen  and  collision  energies  between  20  and  40  eV 
were  determined  automatically  by  the  software  based  on  the 
mass  and  charge  of  the  precursor  ion.  The  mass  spectrometer 
was  calibrated  on  selected  fragments  from  the  MS/MS  spec¬ 
trum  of  Glu-fibrinopeptide  B.  The  MS/MS  data  were  processed 
using  Analyst  1.4.1  software  and  submitted  to  Mascot  for  iden¬ 
tification  of  peptide  sequences  (22). 

A  pepsin  digest  of  the  same  carbamidomethylated  prepara¬ 
tion  was  analyzed  on  the  LCQ  Deca  XP  mass  spectrometer 
(Thermo-Finnigan,  San  Jose,  CA)  coupled  to  the  Ultimate  3000 
HPLC  system  (Dionex,  Sunnyvale,  CA).  The  75-jULm  i.d.  CIS 
column  was  from  LCPackings.  HPLC  solvents  were:  A)  0.1  M 
acetic  acid  and  B)  80%  acetonitrile,  0.1  m  acetic  acid.  Peptides 
were  eluted  with  a  gradient  from  0  to  55%  B  in  90  min.  Data 
were  collected  with  Xcalibur  2.0  and  analyzed  with  OMMSA 
search  engine  (23). 

Infusion  in  QTRAP  4000  Mass  Spectrometer— Peptides  dis¬ 
solved  in  50%  acetonitrile,  0.1%  formic  acid  were  infused  into 
the  QTRAP  4000  (Applied  Biosystems,  Foster  City,  CA)  mass 
spectrometer  at  a  flow  rate  of  0.3  jutl/min  through  an  S-jutm 
emitter  (FS360-50-8-D,  New  Objective)  via  a  25-jULl  Hamilton 
syringe  mounted  on  a  Harvard  syringe  pump.  500  MS/MS  spec¬ 
tra  were  accumulated  for  each  parent  ion. 

Deacetylation  of  Tyr-4 11— The  production  and  disappear¬ 
ance  of  acetylated  Tyr-411  was  followed  by  MALDI-TOF  mass 
spectrometry.  A  15  pu  solution  of  human  albumin  in  10  mM 
Tris-Cl,  pH  8.0  was  treated  with  an  equimolar  concentration  of 
/7-nitrophenyl  acetate  at  22  °C.  After  various  times,  a  lO-jutl  ali¬ 
quot  was  mixed  with  10  pi  of  1%  trifluoroacetic  acid  and  1  pi  of 

1  mg/ml  pepsin.  After  1-2  h  at  37  °C  a  0.5  pi  aliquot  of  the 
digest  was  spotted  on  a  MALDI  target  plate.  Cluster  areas  for 
the  unlabeled  peptides  at  1717  and  1830  amu  and  the  labeled 
peptides  at  1759  and  1872  amu  were  used  to  calculate  %  labeling 
on  Tyr-411. 

Percentage  of  Acetylated  Lysines  Calculated  from  Amino  Acid 
Composition  Analysis — Quantitation  of  the  acetylated  lysine 
was  obtained  by  the  use  of  fluorodinitrobenzene  (Allfrey  et  al, 
Ref.  30).  Fluorodinitrobenzene  reacts  with  un-acetylated  lysine 
to  form  e-N-dinitrobenzylated  lysine.  Acid  hydrolysis,  in  prep¬ 
aration  for  amino  acid  composition  analysis  hydrolyzes  the 
e-N-acetyl  lysines  to  yield  free  lysine,  but  the  dinitrobenzylated 
lysines  are  relatively  stable  to  acid  hydrolysis.  The  amount  of 
free  lysine  appearing  in  the  amino  acid  composition  analysis, 
corrected  for  hydrolysis  of  dinitrobenzylated  lysine,  represents 
the  amount  of  lysine  that  was  originally  acetylated. 

Fluorodinitrobenzylation  employs  the  method  originally 
described  by  Sanger  (24).  Acetylated  and  control  albumin  were 
dialyzed  into  NaHCOg  (20  mg/ml).  Two  hundred  micrograms 
of  dialyzed  albumin  were  adjusted  to  1  ml  with  NaHCOg  and 
mixed  with  2  ml  of  absolute  ethanol.  The  mixture  was  shaken  at 
room  temperature  for  1  h,  at  which  time  30  pi  of  fluorodinitro¬ 
benzene  was  added  and  that  mixture  shaken  for  an  additional 

2  h.  The  insoluble  yellow  product  was  washed  twice  with  water. 


twice  with  absolute  ethanol,  twice  with  diethyl  ether,  air-dried, 
and  submitted  for  amino  acid  composition  analysis. 

Nondenaturing  Gel  Electrophoresis— Albumin  esterase  activ¬ 
ity  was  demonstrated  on  a  nondenaturing  4  -30%  polyacrylam¬ 
ide  gradient  gel,  stained  for  esterase  activity  with  j3-naphthyl 
acetate  and  Fast  Blue  RR  (25).  Cels  were  shaken  in  100  ml  of 
0.05  M  Tris-Cl,  pH  7.4  containing  50  mg  of  j3-naphthylacetate  in 
1  ml  ethanol,  and  50  mg  of  solid  Fast  Blue  RR.  Though  most  of 
the  Fast  Blue  RR  does  not  dissolve,  pink  bands  of  esterase  activ¬ 
ity  appear  within  15-30  min.  The  gel  was  counterstained  with 
Coomassie  Blue  to  show  protein  concentration. 

The  positive  control  samples,  not  acetylated  on  any  residues, 
were  5  pi  of  human  serum  and  200  pg  of  fatty  acid-free  human 
albumin.  The  negative  control  was  albumin  that  had  been  dena¬ 
tured  in  8  M  urea,  reduced  with  10  mM  dithiothreitol,  carbam¬ 
idomethylated  with  iodoacetamide,  dialyzed  to  remove  salts, 
and  concentrated  to  10  pg/  pL  Albumin  acetylated  on  100%  of 
Tyr-411  only,  was  prepared  by  incubating  10  mg/ml  albumin 
with  5  mM /7-nitrophenyl  acetate  (33-fold  excess)  in  10  mM  Tris- 
Cl,  pH  8.0  for  5  min,  followed  immediately  by  gel  electrophore¬ 
sis.  Albumin  acetylated  on  100%  Tyr-411  and  20%  of  the  lysines 
was  prepared  by  incubating  1  mg/ml  albumin  with  0.5  mM p-nh 
trophenyl  acetate  for  6  h  at  22  °C.  Albumin  with  free  Tyr-411 
and  20%  acetylated  lysines  was  prepared  by  incubating  1  mg/ml 
albumin  with  0.5  mM  /7-nitrophenyl  acetate,  0.01%  sodium 
azide  for  2  weeks  at  22  °C,  during  which  time  Tyr-411  was  com¬ 
pletely  deacetylated  as  shown  by  mass  spectrometry.  Albumin 
with  100%  acetylated  Tyr-411  and  60-100%  acetylated  lysines 
was  prepared  by  incubating  1  mg/ml  albumin  with  10  mM p-nh 
trophenyl  acetate  for  48  h.  Percent  acetylation  of  Tyr-411  and 
lysines  was  determined  by  mass  spectrometry  as  described 
above,  and  by  amino  acid  composition  analysis  after  reaction 
with  fluorodinitrobenzene. 

Albumin  labeled  with  DFP  on  80%  of  Tyr-411  was  prepared 
by  treating  2  mg/ml  albumin  with  a  20-fold  excess  of  DFP  in  10 
mM  Tris-Cl,  pH  8.0  for  2  h  at  22  °C.  Albumin  labeled  with  chlor- 
pyrifos  oxon  on  95%  of  Tyr-411  was  prepared  by  treating  1 
mg/ml  albumin  in  10  mM  Tris-Cl,  pH  8.0  with  a  7.5-fold  excess 
of  chlorpyrifos  oxon  for  48  h  at  22  °C.  The  percent  free  and 
modified  Tyr-411  was  determined  by  mass  spectrometry.  No 
lysines  were  labeled  by  DFP  or  chlorpyrifos  oxon. 

RESULTS 

Tyrosine  411  Is  Rapidly  Acetylated  by  p-Nitrophenyl  Acetate — 
A  5-min  reaction  of  albumin  (15  pu)  with  /7-nitrophenyl  ace¬ 
tate  (500  pu)  results  in  complete  acetylation  of  Tyr-411.  This  is 
indicated  by  the  mass  shift  of  +42  amu  for  peptic  peptides 
VRYTKKVPQVSTPTL  and  LVRYTKKVPQVSTPTL  (missed 
cleavage),  which  have  masses  of  1717  and  1830  amu  in  the  con¬ 
trol  albumin  digest  (Fig.  lA),  but  masses  of  1759  and  1872  amu 
after  treatment  with  /7-nitrophenyl  acetate  (Fig.  1^).  No  unla¬ 
beled  masses  at  1717  and  1830  amu  remain  after  treatment  with 
/7-nitrophenyl  acetate,  indicating  100%  labeling.  No  other  pep¬ 
tides  were  found  to  have  a  mass  shift  at  this  time  point. 

The  labeled  residue  was  identified  as  tyrosine  411  by  frag¬ 
mentation  of  the  doubly  charged  parent  ion  936.5  m/z  (corre¬ 
sponding  to  the  singly  charged  1872  amu  ion)  in  the  QTRAP 
mass  spectrometer.  Fig.  2A  shows  fragmentation  of  parent  ion 
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FIGURE  1 .  MALDI-TOF  mass  spectra  of  peptic  peptides  of  human  albumin 
before  {A)  and  after  (B)  5  min  reaction  with  0. 5  mM p-nitrophenyl  acetate. 

The  mass  of  peptides  at  1717  and  1 830  amu  increased  by  +42  amu  due  to 
acetylation  ofTyr-41 1. 


936.5  m/z.  All  major  peaks  are  assigned  to  fragments  of 
LVRYTKKVPQVSTPTL.  The  presence  of  the  b4  ion  (repre¬ 
senting  residues  LYRY"'  plus  acetyl)  at  574.3  amu  indicates 
acetylation  of  that  fragment.  The  most  likely  candidate  for 
acetylation  is  tyrosine.  The  b4-17  ion  at  557.3  amu,  and  the 
b-ion  fragments  b5  ion  at  675.3  amu  through  bl3-18  at  1524.8 
amu  are  all  42  amu  larger  than  predicted  from  the  amino  acid 
sequence,  further  supporting  acetylation  of  tyrosine  in 
LVRYTKKVPQVSTPTL. 

To  obtain  additional  support  for  acetylation  on  tyrosine, 
peptide  LVRYTKKVPQVSTPTL  from  Fig.  2A  was  purified  by 
HPLC,  digested  with  trypsin,  and  analyzed  by  mass  spectrom¬ 
etry.  Fig.  2B  shows  fragmentation  of  the  453.2  amu  singly 
charged  parent  ion.  The  labeled  peaks  in  the  spectrum  support 
the  sequence  YTK  where  the  acetyl  group  is  on  the  phenolic 
oxygen  of  Tyr-411.  The  mass  at  178.1  is  the  0-acetyl-tyrosine 
immonium  ion.  The  178.1  mass  was  found  in  other  peptides 
that  had  an  acetylated  tyrosine.  A  peak  at  178.1  can  be  used  as  a 
marker  for  0-acetylated  tyrosine. 

There  is  no  possibility  that  the  acetyl  group  is  on  the  amino 
group  of  tyrosine,  because  the  reaction  with  /7-nitrophenyl  ace¬ 
tate  was  performed  while  the  amino  group  of  Tyr-411  was  in  a 
peptide  bond  and  therefore  unavailable  for  modification.  Taken 
together,  the  data  indicate  that  Tyr-411  is  the  first  albumin 
residue  to  be  acetylated  by  /7-nitrophenyl  acetate. 

Lysine  413  and  Lysine  414  Are  Slowly  Acetylated  by  p-Nitro- 
phenyl  Acetate— ALter  6  h  of  reaction  of  15  pu  albumin  with 
500  jULM  /7-nitrophenyl  acetate,  a  second  and  third  site  on  pep¬ 
tides  VRYTKKVPQVSTPTL  and  LVRYTKKVPQVSTPTL  were 
acetylated,  as  indicated  by  peaks  with  mass  shifts  of  +42,  +84, 
and  +126  amu.  The  1717  amu  peak  (supplemental  Fig.  SIA) 
shifted  to  1759  amu,  1801  amu,  and  1843  amu  (supplemental 
Fig.  Sl^),  while  the  1830  amu  peak  shifted  to  1872,  1914,  and 
1956  amu  (supplemental  Fig.  Sl^).  At  6  h,  about  50%  of  pep¬ 
tides  VRYTKKVPQVSTPTL  and  LVRYTKKVPQVSTPTL 
were  labeled  with  one  acetate,  about  50%  with  2  acetates,  and 
1-2%  with  3  acetates  (percentage  estimates  are  based  on  the 
cluster  areas  of  the  peaks).  The  percentage  of  acetylated  pep¬ 


tides  did  not  increase  after  6  h,  because  90%  of  the  /7-nitrophe- 
nyl  acetate  had  been  hydrolyzed  by  that  time.  The  possibility 
that  acetate  (rather  than  /7-nitrophenyl  acetate)  might  be  acety- 
lating  lysines  was  ruled  out  by  the  finding  that  no  mass  shifts 
occurred  when  1  mg/ml  albumin  was  treated  with  0.5  mM 
potassium  acetate. 

Peptides  VRYTKKVPQVSTPTL  and  LVRYTKKVPQVS¬ 
TPTL  with  a  mass  shift  of  +84  amu  were  acetylated  on  Tyr-411 
and  Lys-413,  or  on  Tyr-411  and  Lys-414.  Supplemental  Fig.  S2 
shows  the  MS/MS  spectrum  for  doubly  charged  parent  ion 
957.5  of  peptide  LVRYTKKVPQVSTPTL  at  the  6-h  time  point. 
The  b4  ion  at  574.1  amu  (representing  residues  LVRY''  plus  1 
acetyl)  and  the  b5  ion  at  675.7  amu  (representing  residues 
LVRY'T  plus  1  acetyl)  support  acetylation  of  Tyr-411.  The  b6 
ion  at  844.3  amu  (representing  residues  LVRY^'TIC  plus  2  ace¬ 
tyls)  supports  acetylation  of  Lys-413  in  addition  to  Tyr-411. 
The  existence  of  the  b6  ion  mass  at  803.3  amu  (representing 
residues  LVRY^'TK  plus  1  acetyl)  suggests  that  Lys-413  can 
appear  without  being  acetylated.  The  appearance  of  an 
un-acetylated  form  of  Lys-413  together  with  acetylated  b7  to 
bll  ions  is  consistent  with  the  second  acetyl  group  on  Lys-414. 
Other  +84  ions  were  found  (data  not  shown)  where  the  second 
acetyl  group  was  exclusively  on  Lys-413  or  on  Lys-414.  Based 
on  the  relative  intensities  of  the  peaks  at  803.3  and  844.3  amu, 
acetylated  Lys-414  was  more  abundant  than  acetylated 
Lys-413.  From  the  above  analysis,  it  follows  that  triply  acety¬ 
lated  peptides,  with  a  mass  shift  of  +126  amu,  were  acetylated 
on  Tyr-411,  Lys-413,  and  Lys-414. 

The  N  Terminus  ofAibumin,  Lysine  4,  Lysine  12,  and  Serine  5 
Are  Slowly  Acetylated  by  p-Nitrophenyl  Acetate— AxvotYvQx: 
prominent  peptide  in  pepsin-digested  albumin  was  DAHKSE- 
VAHRFKDLGEENF  at  2229  amu  (supplemental  Eig.  SIA). 
After  6  h  of  reaction  of  15  pM  albumin  with  500  pM /7-nitrophe- 
nyl  acetate,  20%  of  this  peak  had  acquired  a  mass  of  +42  amu 
(supplemental  Eig.  S15),  2%  had  acquired  a  mass  of  +84  amu, 
and  about  0.5%  had  increased  in  mass  by  + 126  amu.  Incubation 
with  10  mM /7-nitrophenyl  acetate  for  48  h  resulted  in  complete 
disappearance  of  the  2229  and  2271  amu  peaks  and  appearance 
of  +84,  + 126,  and  + 168  amu  ions  at  2313,  2355,  and  2397  amu 
(data  not  shown).  MS/MS  spectra  showed  that  the  +42  amu 
parent  ion  was  acetylated  on  Asp-1,  the  N  terminus  of  albumin, 
the  +84  amu  parent  ion  was  acetylated  on  Asp-1  and  Lys-12, 
and  the  +126  amu  ion  was  acetylated  on  Asp-1,  Lys-12,  and 
Lys-4  (data  not  shown). 

The  + 168  amu  ion  was  acetylated  on  Asp-1,  Lys-4,  Ser-5,  and 
Lys-12  (supplemental  Eig.  S3).  Most  of  the  major  peaks  in  the 
spectrum  could  be  assigned  to  the  DAHKSEVAHREKDL- 
GEENE  peptide.  The  366.1  amu  mass  was  consistent  with  the 
b3  ion  (representing  D^'AH  plus  1  acetyl).  Though  histidine  is  a 
potential  candidate  for  acetylation,  A/^-acetylhistidine  is  unsta¬ 
ble  (26).  Therefore,  acetylation  is  on  the  N  terminus.  The  mass 
at  536.2  amu  is  consistent  with  the  b4  ion  (representing 
D^'AHIC  plus  2  acetyls).  The  665.2  amu  mass  is  consistent  with 
the  b5  ion  (representing  D^'AHICS''  plus  three  acetyls).  Addi¬ 
tional  b-ions  at  794.4  amu  (b6),  893.0  amu  (b7),  and  964.3  amu 
(b8)  support  the  presence  of  3  acetyls.  The  mass  at  1296.5  amu 
is  consistent  with  the  ylO  ion  (representing  REICDLGEENE 
plus  1  acetyl)  where  acetylation  is  on  the  lysine. 
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FIGURE  2.  MS/MS  spectra  to  identify  the  residue  acetylated  after  5  min  reaction  of  1  mg/ml  albumin  with 
0.5  mM  p-nitrophenyl  acetate.  A  fragmentation  of  the  doubly  charged  form  of  peptide  1 872  identifies  acety¬ 
lated  Tyr  41 1  in  LVRY*TKKVPQVSTPTL  B,  fragmentation  of  the  singly  charged  peptide  of  mass  453.2  identifies 
acetylated  Tyr-41 1  in  Y*TK.  The  peak  at  1 78.1  is  the  0-acetyl-tyrosine  immonium  ion. 

Analysis  of  cluster  areas  in  the  MALDI-TOF  spectra  showed 
that  the  N-terminal  Asp-l  and  Lys- 12  were  100%  acetylated, 
consistent  with  the  disappearance  of  peaks  at  2229  and  2271 
amu.  About  65%  of  LyS'4  and  6%  of  Ser-5  residues  were  acety¬ 
lated,  indicating  that  serine  is  not  nearly  as  reactive  with  p-ni- 
trophenyl  acetate  as  lysine. 

Residues  Acetylated  by  O.S  mM  p-Nitrophenyl  Acetate— 

Within  the  first  5  min  of  reaction  of  15  ijlm  albumin  with  0.5  mM 
/7-nitrophenyl  acetate,  Tyr-41 1  was  acetylated  99-100%.  No 
other  residue  was  significantly  acetylated  within  5  min.  Six 
hours  after  addition  of  /7-nitrophenyl  acetate,  residues  Asp-1, 

Lys-12,  Lys-413,  and  Lys-414  were  acetylated  about  20-25% 
while  Tyr-41 1  was  still  acetylated  100%.  An  additional  19  pep¬ 
tides  had  a  mass  shift  of  +42  amu  as  observed  by  MALDI-TOF, 
however  peak  intensities  were  low,  and  the  peptide  sequences 
could  not  be  determined.  After  50  h,  all  of  the  /7-nitrophenol 
had  been  exhausted,  and  half  of  the  Tyr-41 1  was  free.  By  2 


weeks,  none  of  the  Tyr-41 1  was 
labeled.  The  albumin  still  carried  a 
lot  of  label,  but  the  label  was  on 
lysines  and  on  the  N-terminal 
Asp-1. 

Residues  Acetylated  by  10  mu 
p-Nitrophenyl  Supple¬ 

mental  Table  SI  lists  the  residues  in 
human  albumin  acetylated  by  treat¬ 
ment  of  15  fjLM  albumin  with  10  mM 
/7-nitrophenyl  acetate  at  pH  8.0, 
22  °C  for  48  h.  The  Mascot  search 
engine  matched  215  peptides  to 
albumin  in  accession  gi:3212456, 
yielding  76%  coverage  in  the  tryptic 
digest,  and  matched  331  peptides 
for  85%  coverage  in  the  GluC  digest. 
Three  peptides  from  a  pepsin  digest 
are  included  in  supplemental  Table 
SI.  MS/MS  spectra  were  manually 
evaluated  before  a  labeled  peptide 
was  included  in  supplemental  Table 
SI.  MS/MS  spectra  positively  iden¬ 
tified  acetylation  of  59  lysines,  10 
serines,  8  threonines,  4  tyrosines, 
and  the  N-terminal  aspartate.  Albu¬ 
min  has  59  lysines;  every  lysine  was 
at  least  partially  acetylated.  The  10 
acetylated  serines  were  Ser-5,  Ser- 
65,  Ser-192,  Ser-202,  Ser-287,  Ser- 
312,  Ser-419,  Ser-427,  Ser-435,  and 
Ser-454.  The  8  acetylated  threoni¬ 
nes  were  Thr-68,  Thr-76,  Thr-79, 
Thr-83,  Thr-467,  Thr-474,  Thr- 
527,  and  Thr-540.  The  four  acety¬ 
lated  tyrosines  were  Tyr-84, 
Tyr-161,  Tyr-401,  and  Tyr-41 1.  The 
N-terminal  aspartate  Asp-1  was 
acetylated.  Tyrosine  138,  the  ligand 
binding  site  in  subdomain  IB,  which 
is  modified  by  metabolites  of  poly¬ 
cyclic  hydrocarbons  (27)  and  by  nitric  oxide  (28),  was  not  mod¬ 
ified  by  /7-nitrophenyl  acetate. 

Both  chemical  and  in  vivo  e-A/-acetylation  of  lysines  has  prec¬ 
edent  (26, 29  -32).  Chemical  0-acetylation  of  tyrosines  also  has 
precedent  (33).  Reports  on  acetylation  of  serines  and  threoni¬ 
nes  are  more  rare,  though  indirect  evidence  has  been  reported 
for  bovine  growth  hormone-treated  with  acetic  anhydride  (34). 

The  peptides  in  supplemental  Table  SI  do  not  have  an  acety¬ 
lated  Lys  at  the  C  terminus,  with  the  exception  of  Lys- 162.  The 
vast  majority  of  acetylated  lysines  appear  as  missed  cleavages 
within  the  peptide.  This  confirms  reports  in  the  literature  (29) 
that  trypsin  generally  does  not  recognize  acetylated  lysine  as  a 
cleavage  site. 

Carbamylation  by  ammonium  cyanate,  a  degradation  prod¬ 
uct  of  urea,  would  add  a  mass  of  +43,  a  value  close  to  the  mass 
of  +42  from  acetylation.  To  avoid  carbamylation  artifacts,  we 
did  not  use  urea  in  our  protocol. 
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FIGURE  3.  Deacetylation  rate  of  Tyr-41 1 .  At  time  0,  Tyr-41 1  was  acetylated 
80%.  After  61  h  at  pH  8.0,  22  °C,  Tyr-41 1  was  acetylated  40%.  Deacetylation 
was  monitored  for  3.5  half-lives  until  only  5%  of  Tyr-41 1  was  still  acetylated. 
The  three  horizontal  lines  mark  3  half-lives.  %  acetylation  was  calculated  from 
cluster  areas  in  the  MALDI-TOF  mass  spectrometer  for  peptides  VRYT- 
KKVPQVSTPTLand  LVRYTKKVPQVSTPTL. 

Lysines  Are  Stably  Acetylated — An  estimate  of  the  stability  of 
acetylated  lysines  was  obtained  by  measuring  %  acetylation  of 
LyS'225  in  peptide  SQRFPICAEF  with  time.  After  6  h  of  reac¬ 
tion  of  15  fjLM  albumin  with  0.5  mM  /7-nitrophenyl  acetate,  9%  of 
Lys-225  was  acetylated.  No  change  in  %  acetylation  of  this  pep¬ 
tide  was  observed  for  up  to  9  days.  The  lack  of  an  increase  in  % 
acetylation  with  time  is  explained  by  the  fact  that  90%  of  the 
/7-nitrophenyl  acetate  had  been  consumed  after  6  h.  The 
absence  of  a  loss  in  %  acetylation  supports  the  conclusion  that 
acetylated  lysine  is  stable  at  pH  8.0.  A  peptide  with  9%  acety¬ 
lated  lysines  was  chosen  for  this  example  to  make  the  point  that 
a  particular  residue  may  be  only  partially  acetylated. 

A  second  example  of  stable  acetylation  was  obtained  by 
MALDI-TOF  analysis  of  peptide  D^^AHICS^^EVAHRFICDLG- 
EENF.  After  48  h  reaction  of  15  jULM  albumin  with  10  mM  p-ni- 
trophenyl  acetate,  followed  by  dialysis  to  remove  excess  rea¬ 
gent,  100%  of  the  N  terminus  (Asp-1),  100%  of  Lys-12,  78%  of 
Lys-4,  and  5%  of  Ser-5  were  acetylated.  After  18  days,  the  % 
acetylations  were  unchanged.  We  conclude  that  acetylated 
lysines,  as  well  as  the  acetylated  N  terminus  and  acetylated  ser¬ 
ine,  are  stable  at  pH  8.0  and  22  °C. 

Deacetylation  o/Tyr-4ii— Treatment  of  15  pu  albumin  with 
15  pM  /7-nitrophenyl  acetate  in  10  mM  Tris-Cl,  pH  8.0  resulted 
in  exclusive  acetylation  of  Tyr-41 1.  No  other  residues  were  sig¬ 
nificantly  acetylated.  Tyr-41 1  was  maximally  acetylated  after 
1  h.  Fig.  3  shows  the  maximum  acetylation  level  of  80%  and  loss 
of  the  acetyl  group  with  time.  The  half-life  for  deacetylation  of 
Tyr-41 1  at  pH  8.0,  22  °C  was  61  ±  4  h.  This  very  slow  deacety¬ 
lation  rate  {k  =  0.0002  min“^)  confirms  a  previous  report  that 
deacetylation  is  the  rate-limiting  step  for  reaction  of  human 
albumin  with  /7-nitrophenyl  acetate  (14).  On  the  other  hand, 
turnover  with  o-nitrotrifluoroacetanilide  is  explained  by  the 
instability  of  the  trifluoroacetyl  adduct  due  to  the  electronic 
effect  of  the  fluorine  atoms  (14). 


FIGURE  4.  Surface  location  of  acetylated  residues  in  human  albumin.  The 

crystal  structure  of  human  albumin  (Protein  Data  Bank  code  IbmO)  shows 
side-chains  for  acetylated  lysines,  tyrosines,  serines,  and  threonines.  Asp-1 
and  Lys-4  are  missing  from  the  structure  (41 ). 

Location  of  Ester-reactive  Residues — The  location  of  the  reac¬ 
tive  residues  in  the  crystal  structure  of  human  albumin  is  shown 
in  Fig.  4.  All  acetylated  lysines,  serines,  and  threonines  are 
exposed  to  the  surface.  Tyr-41 1  is  in  a  pocket  4.5  A  from  Arg- 
410.  Acetylated  Tyr-84,  -161,  and  -401  may  also  have  been  acti¬ 
vated  by  interaction  with  nearby  arginines. 

Time  to  Complete  Hydrolysis  of  O.S  mM  p-Nitrophenyl 
Acetate— Six  hours  after  addition  of  /7-nitrophenyl  acetate  to 
15  pM  albumin  in  10  mM  Tris-Cl,  pH  8.0,  22  °C,  90%  of  the  0.5 
mM  /7-nitrophenyl  acetate  had  been  consumed,  and  the  rate  of 
/7-nitrophenol  production  by  albumin  had  slowed  so  it  was 
indistinguishable  from  the  rate  by  buffer  alone.  By  24  h,  the  end 
point  absorbance  of  8.42,  at  400  nm,  was  reached,  and  no  fur¬ 
ther  change  in  absorbance  was  obtained.  The  theoretical  end 
point  calculated  from  the  extinction  coefficient  of  16,900  m“^ 
cm“^  for  /7-nitrophenolate  ion  at  pH  8.0  was  8.45  (1),  a  value  in 
close  agreement  with  the  observed  end  point. 

Percent  Acetylated  Lysines — About  50%  of  the  hydrolysis  of 
0.5  mM  /7-nitrophenyl  acetate  was  due  to  reaction  with  15  pM 
albumin,  and  about  50%  to  reaction  with  pH  8.0  buffer.  Assum¬ 
ing  that  the  250  pu  /7-nitrophenyl  acetate  that  reacted  with  15 
pM  albumin  resulted  in  stable  acetylation  of  albumin,  one  can 
calculate  about  16-17  molar  equivalents  of  acetate  bound  per 
mol  of  albumin.  If  16  of  59  lysines  are  acetylated,  then  on  aver¬ 
age  27%  of  each  lysine  was  acetylated.  This  value  is  dose  to  the 
20-25%  acetylation  calculated  for  Lys-414  by  MALDI-TOF 
analysis. 

A  third  method  was  used  to  calculate  %  acetylated  lysines. 
This  method  is  based  on  the  principle  that  lysines  labeled  with 
fluorodinitrobenzene  are  relatively  stable  to  acid  hydrolysis, 
whereas  acetylated  lysines  are  deacetylated  to  free  lysines. 
Standard  acid  hydrolysis  followed  by  amino  acid  composition 
analysis  allows  an  estimate  of  the  number  of  acetylated  lysines 
(30).  It  was  found  that  27%  of  the  lysines  were  acetylated  in 
albumin  treated  with  0.5  mM  /7-nitrophenyI  acetate,  while  67% 
of  the  lysines  were  acetylated  in  albumin  treated  with  10  mM 
/7-nitrophenyI  acetate. 
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FIGURE  5.  Nondenaturing  gel  stained  for  esterase  activity  (A)  and  counterstained  with  Coomassie  Blue  (B),  Lane  7,  5  fji\  of  human  serum  where  the 
esterase  bands  are  butyrylcholinesterase  {BChE),  paraoxonase  {PON),  and  albumin.  Lane  2,  200  pig  of  99%  pure  fatty  acid-free  human  albumin.  Lane  3, 200  pig 
of  denatured,  carbamidomethylated  albumin.  Lane  4, 200  pig  of  albumin  treated  5  min  with  0.5  mM  p-nitrophenyl  acetate  to  acetylate  1 00%  of  Tyr-41 1 .  Lane  5, 
200  pig  of  albumin  treated  with  0.5  mM  p-nitrophenyl  acetate  for  6  h.  Lane  6, 200  pig  of  albumin  treated  with  0.5  mM  p-nitrophenyl  acetate  for  2  weeks.  Lane  7, 
200  pig  of  albumin  treated  with  10  mM  p-nitrophenyl  acetate  for  48  h.  Lane  8,  200  pig  of  albumin  treated  with  DFP  to  label  80%  of  Tyr-41  ^.Lane  9,  200  pig  of 
albumin  treated  with  chlorpyrifos  oxon  to  label  90%  of  Tyr-41 1 .  Lane  10, 200  pig  of  albumin  treated  with  chlorpyrifos  oxon  to  label  40%  of  Tyr-41 1 .  The  percent 
labeling  of  Tyr-41 1  was  estimated  from  cluster  areas  of  peaks  in  the  MADLI-TOF  mass  spectrometer.  The  percent  labeling  of  lysines  was  estimated  from  amino 
acid  composition  analysis.  The  arrow  indicates  the  direction  of  migration  of  proteins  on  the  gel. 


Esterase  Activity  of  Albumin— The  esterase  activity  of  human 
albumin  can  be  visualized  on  a  nondenaturing  gel  stained  for 
esterase  activity  with  jS-naphthyl  acetate  and  Fast  Blue  RR.  The 
jS-naphthol  reacts  with  the  diazonium  salt  of  Fast  Blue  RR  to 
produce  a  pink,  insoluble  azodye,  which  precipitates  at  the  site 
where  naphthol  is  released. 

The  gel  in  Fig.  SA  shows  naphthol  production  by  the  albumin 
present  in  5  ptl  of  human  plasma  {lane  7),  as  well  as  by  200  ptg  of 
pure  human  albumin  {lane  2),  Additional  esterase  bands  in  lane 
1  are  from  butyrylcholinesterase  and  paraoxonase.  The  ques¬ 
tion  of  interest  was  how  much  of  the  apparent  esterase  activity 
of  albumin  was  due  to  Tyr-41 1  and  how  much  to  irreversible 
acetylation  of  lysines?  To  answer  this  question,  albumin  prep¬ 
arations  with  various  percent  acetylation  of  Tyr-41 1  and  lysines 
were  loaded  on  the  gel.  The  esterase  activity  in  lane  4  where 
100%  of  Tyr-41 1  was  acetylated,  was  similar  to  that  in  lane  2 
where  none  of  the  Tyr-41 1  was  acetylated.  The  esterase  activity 
in  lane  5  where  100%  of  the  Tyr-41 1  was  acetylated,  and  27%  of 
the  lysines  were  acetylated,  was  substantially  decreased.  The 
albumin  in  lane  6  was  acetylated  only  on  lysines,  because  Tyr- 
41 1  had  completely  deacetylated  during  2  weeks  incubation; 
the  esterase  activity  in  lane  6  was  similar  to  that  in  lane  5,  show¬ 
ing  that  lysines  contributed  more  to  albumin  esterase  activity 
than  Tyr-41 1.  The  albumin  in  lane  7  was  maximally  acetylated 
by  10  mM  /7-nitrophenyl  acetate,  corresponding  to  the  82  resi¬ 
dues  acetylated  in  supplemental  Table  SI.  The  esterase  activity 
in  lane  7  was  nearly  abolished.  Blocking  Tyr-41 1  by  covalent 
modification  with  DFP  (lane  8)  or  chlorpyrifos  oxon  (lanes  9 
and  10)  had  little  effect  on  the  apparent  esterase  activity. 

The  gel  was  counterstained  with  Coomassie  Blue  in  Fig.  SB  to 
show  that  protein  loading  per  lane  was  equivalent.  Slower 
migrating  bands  are  consistent  with  higher  molecular  weight 
forms  of  albumin.  Pure  albumin  is  predominantly  monomeric, 
but  also  forms  dimers,  and  higher  multimers.  Fig.  SB  clearly 
shows  that  the  highly  acetylated  albumin  (67%)  in  lane  7 


migrated  substantially  further  than  native  albumin  in  lane  2. 
Albumin  that  was  27%  acetylated  migrated  slightly  further  than 
native.  This  behavior  is  consistent  with  elimination  of  positive 
charge  from  the  protein  by  acetylation  of  the  e-A?-amino  groups 
of  the  lysines,  thus  giving  the  acetylated  protein  a  greater  net 
negative  charge  so  that  it  would  be  attracted  more  readily  to  the 
positively  charged  electrode  at  the  bottom  of  the  gel. 

The  esterase  activity  of  albumin  is  characterized  by  an  initial 
burst  of  product  formation  that  is  equal  to  one  equivalent  of 
albumin,  followed  by  slower  formation  of  multiple  equivalents 
of  product  (1).  The  fast  phase  has  been  attributed  to  initial 
acetylation  of  Tyr-41 1  (21),  which  is  consistent  with  the  rapid 
labeling  of  Tyr-41 1  described  in  Fig.  1.  From  the  activity  shown 
in  Fig.  5,  it  can  be  concluded  that  the  apparent  slow  phase  ester¬ 
ase  activity  of  albumin  is  due  to  release  of  /7-nitrophenol  upon 
acetylation  of  59  lysines,  and  to  some  extent  the  surface  acces¬ 
sible  serines,  threonines,  and  other  tyrosines.  This  myriad  of 
acetylations  creates  the  appearance  of  enzymatic  turnover,  but 
it  is  not  a  true  turnover  process.  Lysine,  serine,  and  threonine 
are  acetylated  but  do  not  release  the  acetate.  Acetylated  Tyr- 
41 1  does  release  the  bound  acetate  (that  is,  it  turns  over),  but 
the  release  rate  is  too  slow  to  account  for  a  significant  part  of  the 
apparent  esterase  activity  of  albumin  in  a  30-min  assay.  Albu¬ 
min  must  therefore  be  regarded  as  a  pseudo-esterase,  not  an 
enzymatic  esterase. 

DISCUSSION 

Albumin  Esterase  Activity— In  our  previous  reports  we  had 
identified  Tyr-41 1  as  the  residue  in  albumin  that  is  labeled  by 
soman,  sarin,  DFP,  chlorpyrifos  oxon,  FP-biotin,  and  dichlor- 
vos  (16,  18).  Others  have  also  identified  tyrosine  as  the  site  of 
covalent  binding  of  soman,  sarin,  cyclosarin,  and  tabun  to  albu¬ 
min  (20).  Organophosphorus  agents  inhibit  the  esterase  activ¬ 
ity  of  butyrylcholinesterase  and  other  serine  esterases  by  cova¬ 
lent  binding  to  the  active  site  serine  (35).  By  analogy,  we  had 
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expected  that  OP  binding  to  albumin  would  inhibit  the  esterase 
activity  of  albumin  because  it  is  commonly  assumed  that  Tyr- 
411  is  the  active  site  residue  on  albumin  that  is  responsible  for 
esterase  activity.  The  burst  activity  of  albumin  with  j^-nitrophe- 
nyl  acetate  is  indeed  inhibited  by  labeling  Tyr-411  with  an 
organophosphorus  agent  (21).  However  our  results  show  that 
the  slow  steady  state  esterase  activity  of  albumin  is  not  inhibited 
by  binding  OP  to  Tyr-411,  but  instead  is  inhibited  by  acetyla¬ 
tion  of  lysines.  These  results  lead  to  a  revised  model  of  the 
esterase  activity  of  albumin. 

In  this  revised  model  of  the  esterase  activity  of  albumin  up  to 
82  residues  participate.  The  most  reactive  residue  is  Tyr-411. 
Deacetylation  of  Tyr-411  occurs  with  a  half-life  of  61  ±  4  h, 
which  means  the  /7-nitrophenolate  product  formed  in  a  30-min 
reaction  cannot  come  from  turnover  on  Tyr-411.  The  majority 
of  the  “esterase”  activity  of  albumin  is  due  to  a  half-reaction 
with  lysines,  serines,  threonines,  and  tyrosines.  These  acety- 
lated  residues  do  not  turnover  but  form  stable  adducts.  At  high 
/7-nitrophenyl  acetate  concentration  a  total  of  59  lysines,  10 
serines,  8  threonines,  4  tyrosines,  and  the  N-terminal  aspartate 
are  acetylated. 

The  lysines  of  albumin  are  acetylated  by  /7-nitrophenyl  ace¬ 
tate,  but  are  not  labeled  by  organophosphorus  esters.  We  have 
found  no  evidence  for  labeling  of  lysines  by  organophosphorus 
agents. 

Confirmation  of  Means  and  Bender— When  Means  and 
Bender  (1)  found  stable  incorporation  of  [^^C]  acetate  into  albu¬ 
min  they  concluded  that  accelerated  formation  of  /7-nitrophe- 
nolate  ion  in  the  presence  of  serum  albumin  was  not  due  to 
increased  hydrolysis,  but  to  rapid  acetylation  of  serum  albumin 
by  /7-nitrophenyl  acetate.  Means  and  Bender  did  not  identify 
the  residues  involved  and  therefore  their  conclusion  has  been 
overlooked  during  the  past  30  years  while  investigators  focused 
on  Tyr-411  as  the  esteratic  site  (36).  With  the  availability  of 
mass  spectrometry  we  have  identified  the  specific  residues  in 
albumin  that  become  acetylated  by  /7-nitrophenyl  acetate  and 
therefore  provide  proof  for  the  concept  introduced  by  Means 
and  Bender  to  explain  albumin  esterase  activity.  Our  results 
support  their  conclusion  that  the  overall  reaction  rate,  as  re¬ 
flected  by  appearance  of  /7-nitrophenolate  ion,  corresponds  to 
the  sum  of  a  large  number  of  simultaneous  reactions  at  different 
sites  on  the  protein  plus  spontaneous  hydrolysis. 

Additional  support  for  the  conclusion  that  lysines  and  tyro¬ 
sine  participate  in  the  esterase  activity  of  albumin  comes  from 
studies  of  chemically  modified  albumin  (7).  Modification  of 
tyrosine  and  lysine  suppressed  hydrolysis  of  carprofen  glucuro- 
nide,  leading  to  the  conclusion  that  Tyr  and  Lys  have  roles  in 
hydrolysis. 

Significance— It  is  expected  that  other  esters  will  also  acety- 
late  albumin.  Acetyl  salicylic  acid  (aspirin)  has  been  shown  to 
acetylate  up  to  3  residues  on  human  albumin,  though  only  one 
acetylation  site  has  been  identified  to  date,  namely  Lys- 199 
(37-39).  Though  acetylation  rates  must  be  very  slow,  the  high 
concentration  of  albumin  in  plasma  (0.6  mivi)  makes  these  reac¬ 
tions  pharmacologically  relevant. 

Albumin  is  unusual  in  the  family  of  plasma  proteins  because 
it  has  no  carbohydrates.  This  makes  the  amino  acids  of  albumin 
more  accessible  to  acetylation  than  those  of  a  protein  like 


butyrylcholinesterase  whose  surface  is  sugar-coated.  Neverthe¬ 
less,  it  is  possible  that  other  proteins  including  butyrylcholines¬ 
terase  are  acetylated  by  carboxylic  acid  esters  on  multiple  sites. 
Several  lysines  on  ubiquitin  are  acetylated  by  aspirin  (26).  In 
some  cases  chemical  acetylation  has  an  important  physiological 
consequence.  For  example,  the  anti-inflammatory  action  of 
aspirin  is  explained  by  acetylation  of  the  N-terminal  serine  of 
prostaglandin  synthetase  (40). 

Acknowledgments— Mass  spectra  and  amino  acid  composition  anal¬ 
ysis  were  obtained  with  the  support  of  the  Mass  Spectrometry  and 
Proteomics  core  facility  and  the  Protein  Structure  core  facility  at  the 
University  of  Nebraska  Medical  Center. 


REFERENCES 

1.  Means,  G.  E.,  and  Bender,  M.  L.  (1975)  Biochemistry  14,  4989-4994 

2.  Tildon,  J.  T.,  and  Ogilvie,  J.  W.  (1972)  /.  Biol  Chem.  247,  1265-1271 

3.  Casida,  J.  E.,  and  Augustinsson,  K.  B.  (1959)  Biochim.  Biophys.  Acta  36, 
411-426 

4.  Morikawa,  M.,  Inoue,  M.,  Tsuboi,  M.,  and  Sugiura,  M.  (1979)  Jpn.  J.  Phar¬ 
macol  29,  581-586 

5.  Rainsford,  K.  D.,  Eord,  N.  L.,  Brooks,  P.  M.,  and  Watson,  H.  M.  (1980)  Eur. 
J.  Clin.  Investig.  10,  413-420 

6.  Dubois-Presle,  N.,  Lapicque,  E.,  Maurice,  M.  H.,  Eournel-Gigleux,  S.,  Mag- 
dalou,  J.,  Abiteboul,  M.,  Siest,  G.,  and  Netter,  P.  (1995)  Mol  Pharmacol 
47,  647-653 

7.  Georges,  H.,  Presle,  N.,  Buronfosse,  T.,  Eournel-Gigleux,  S.,  Netter,  P., 
Magdalou,  J.,  and  Lapicque,  E.  (2000)  Chirality  12,  53-  62 

8.  Kwon,  C.  H.,  Maddison,  K.,  LoCastro,  L.,  and  Borch,  R.  E.  (1987)  Cancer 
Res.  47, 1505-1508 

9.  Salvi,  A.,  Carrupt,  P.  A.,  Mayer,  J.  M.,  and  Testa,  B.  (1997)  Drug  Metab. 
Dispos.  25,  395-398 

10.  Tove,  S.  B.  (1962)  Biochim.  Biophys.  Acta  57,  230-235 

11.  De  Vriese,  C.,  Hacquebard,  M.,  Gregoire,  F.,  Carpentier,  Y.,  and  Delporte, 

C.  (2007)  Endocrinology  148,  2355-2362 

12.  Sogorb,  M.  A.,  Diaz-Alejo,  N.,  Escudero,  M.  A.,  and  Vilanova,  E.  (1998) 
Arch.  Toxicol  72,  219-226 

13.  Sogorb,  M.  A.,  Carrera,  V.,  and  Vilanova,  E.  (2004)  Arch.  Toxicol  78, 
629-634 

14.  Masson,  P.,  Froment,  M.  T.,  Darvesh,  S.,  Schopfer,  L.  M.,  and  Lockridge, 

O.  (2007)  /.  Enzyme  Inhib.  Med.  Chem.  22,  463-469 

15.  Manoharan,  I.,  and  Boopathy,  R.  (2006)  Arch.  Biochem.  Biophys.  452, 
186-188 

16.  Li,  B.,  Nachon,  F.,  Froment,  M.  T.,  Verdier,  L.,  Debouzy,  J.  C.,  Brasme,  B., 
Gillon,  E.,  Schopfer,  L.  M.,  Lockridge,  O.,  and  Masson,  P.  (2008)  Chem. 
Res.  Toxicol  21,  421-431 

17.  Watanabe,  H.,  Tanase,  S.,  Nakajou,  K.,  Maruyama,  T.,  Kragh-Hansen,  U., 
and  Otagiri,  M.  (2000)  Biochem.  J.  349,  813-819 

18.  Li,  B.,  Schopfer,  L.  M.,  Hinrichs,  S.  H.,  Masson,  P.,  and  Lockridge,  O. 
(2007)  Anal  Biochem.  361,  263-272 

19.  Sanger,  F.  (1963)  Proc.  Chem.  Soc.  5,  76-83 

20.  Williams,  N.  H.,  Harrison,  J.  M.,  Read,  R.  W.,  and  Black,  R.  M.  (2007)  Arch. 
Toxicol  81,  627-639 

21.  Means,  G.  E.,  and  Wu,  H.  L.  (1979)  Arch.  Biochem.  Biophys.  194,  526  -530 

22.  Perkins,  D.  N.,  Pappin,  D.  J.,  Creasy,  D.  M.,  and  Cottrell,  J.  S.  (1999)  Elec¬ 
trophoresis  20,  3551-3567 

23.  Geer,  L.  Y.,  Markey,  S.  P.,  Kowalak,  J.  A.,  Wagner,  L.,  Xu,  M.,  Maynard, 

D.  M.,  Yang,  X.,  Shi,  W.,  and  Bryant,  S.  H.  (2004)  /.  Proteome  Res.  3, 
958-964 

24.  Sanger,  F.  (1945)  Biochem.  J.  39,  507-515 

25.  Li,  B.,  Sedlacek,  M.,  Manoharan,  I.,  Boopathy,  R.,  Duysen,  E.  G.,  Masson, 

P. ,  and  Lockridge,  O.  (2005)  Biochem.  Pharmacol  70,  1673-1684 

26.  Macdonald,  J.  M.,  LeBlanc,  D.  A.,  Haas,  A.  L.,  and  London,  R.  E.  (1999) 
Biochem.  Pharmacol  57,  1233-1244 

271 .  Brunmark,  P.,  Harriman,  S.,  Skipper,  P.  L.,  Wishnok,  J.  S.,  Amin,  S.,  and 


AUGUST  15,  2008- VOLUME  283 -NUMBER  33 


JOURNAL  OF  BIOLOGICAL  CHEMISTRY  22589 


Downloaded  from  www.jbc.org  at  University  of  NE  Medical  Center  on  January  21 , 2009 


The  Journal  of  BMogf cal  Chemistry  ^ 


Pseudo-esterase  Activity  ofAibumin 


Tannenbaum,  S.  R.  (1997)  Chem.  Res.  Toxicol  10,  880-886 

28.  Jiao,  K.,  Mandapati,  S.,  Skipper,  P.  L.,  Tannenbaum,  S.  R.,  and  Wishnok, 
J.  S.  (2001)  Anal  Biochem.  293,  43-52 

29.  Violand,  B.  N.,  Schlittler,  M.  R.,  Lawson,  C.  Q.,  Kane,  J.  F.,  Siegel,  N.  R., 
Smith,  C.  E.,  Kolodziej,  E.  W.,  and  Duffin,  K.  L.  (1994)  Protein  Scl  3, 
1089-1097 

30.  Allfrey,  V.  G.,  Di  Paola,  E.  A.,  and  Sterner,  R.  (1984)  Methods  Enzymol 
107,  224-240 

31.  Lapko,  V.  N.,  Smith,  D.  L.,  and  Smith,  J.  B.  (2001)  Protein  Scl  10, 
1130-1136 

32.  Gershey,  E.  L.,  Vidali,  G.,  and  Allfrey,  V.  G.  (1968)  /.  Biol  Chem.  243, 
5018-5022 

33.  Riordan,  J.  E.,  and  Vallee,  B.  L.  (1972)  Methods  Enzymol  25,  500-506 


34.  Oikawa,  A.,  Dellacha,  J.  M.,  and  Sonenberg,  M.  (1967)  Biochem.  J.  104, 
947-952 

35.  Nachon,  E.,  Asojo,  O.  A.,  Borgstahl,  G.  E.,  Masson,  P.,  and  Lockridge,  O. 
(2005)  Biochemistry  44,  1154-1162 

36.  Sakurai,  Y.,  Ma,  S.  E.,  Watanabe,  H.,  Yamaotsu,  N.,  Hirono,  S.,  Kurono,  Y., 
Kragh-Hansen,  U.,  and  Otagiri,  M.  (2004)  Pharm.  Res.  21,  285-292 

37.  Hawkins,  D.,  Pinckard,  R.  N.,  and  Parr,  R.  S.  (1968)  Science  160,  780-781 

38.  Walker,  J.  E.  (1976)  EEBS  Lett.  66, 173-175 

39.  Yang,  P.,  Bian,  C.,  Zhu,  L.,  Zhao,  G.,  Huang,  Z.,  and  Huang,  M.  (2007)  /. 
Struct.  Biol  157,  348-355 

40.  Roth,  G.  J.,  and  Siok,  C.  J.  (1978)  /.  Biol  Chem.  253,  3782-3784 

41.  Sugio,  S.,  Kashima,  A.,  Mochizuki,  S.,  Noda,  M.,  and  Kobayashi,  K.  (1999) 
Protein  Eng.  12,  439  -  446 


22590  JOURNAL  OF  BIOLOGICAL  CHEMISTRY 


VOLUME  283 -NUMBER  33 -AUGUST  15,  2008 


Downloaded  from  www.jbc.org  at  University  of  NE  Medical  Center  on  January  21 , 2009 


Archives  of  Biochemistry  and  Biophysics  494  (2010)  107-120 


ELSEVIER 


Contents  lists  available  at  ScienceDirect 

Archives  of  Biochemistry  and  Biophysics 

journal  homepage:  www.elsevier.com/locate/yabbi 


Review 

Butyrylcholinesterase  for  protection  from  organophosphorus  poisons:  Catalytic 
complexities  and  hysteretic  behavior 

Patrick  Masson^'’,  Oksana  Lockridge®* 

^Eppley  Institute,  University  of  Nebraska  Medical  Center,  Omaha,  NE  68198-5950,  USA 
Centre  de  Recherches  du  Service  de  Sante  des  Armies,  Department  of  Toxicology,  Enzymology  Unit,  BP  87,  38702  La  Tranche  Cedex,  Trance 


ARTICLE  INFO 


ABSTRACT 


Article  history: 

Received  9  October  2009 

and  in  revised  form  24  November  2009 

Available  online  1 1  December  2009 


Keywords: 

Bioscavenger 

Mass  spectrometry 

Phosphylation 

Dehydroalanine 

Aryl  acylamidase 

Hysteresis 


Butyrylcholinesterase  is  a  promiscuous  enzyme  that  displays  complex  kinetic  behavior.  It  is  toxicologi- 
cally  important  because  it  detoxifies  organophosphorus  poisons  (OP)  by  making  a  covalent  bond  with 
the  OP.  The  OP  and  the  butyrylcholinesterase  are  both  inactivated  in  the  process.  Inactivation  of  butyr¬ 
ylcholinesterase  has  no  adverse  effects.  However,  inactivation  of  acetylcholinesterase  in  nerve  synapses 
can  be  lethal.  OP-inhibited  butyrylcholinesterase  and  acetylcholinesterase  can  be  reactivated  with  oxi¬ 
mes  provided  the  OP  has  not  aged.  Strategies  for  preventing  the  toxicity  of  OP  include  (a)  treatment  with 
an  OP  scavenger,  (b)  reaction  of  non-aged  enzyme  with  oximes,  (c)  reactivation  of  aged  enzyme,  (d)  slow¬ 
ing  down  aging  with  peripheral  site  ligands,  and  (e)  design  of  mutants  that  rapidly  hydrolyze  OP.  Option 
(a)  has  progressed  through  phase  I  clinical  trials  with  human  butyrylcholinesterase.  Option  (b)  is  in  rou¬ 
tine  clinical  use.  The  others  are  at  the  basic  research  level.  Butyrylcholinesterase  displays  complex  kinetic 
behavior  including  activation  by  positively  charged  esters,  ability  to  hydrolyze  amides,  and  a  lag  time 
(hysteresis)  preceding  hydrolysis  of  benzoylcholine  and  N-methylindoxyl  acetate.  Mass  spectrometry 
has  identified  new  OP  binding  motifs  on  tyrosine  and  lysine  in  proteins  that  have  no  active  site  serine. 
It  is  proposed,  but  not  yet  proven,  that  low  dose  exposure  involves  OP  modification  of  proteins  that  have 
no  active  site  serine. 

©  2009  Elsevier  Inc.  All  rights  reserved. 


Introduction 

Humans  have  two  cholinesterases:  acetylcholinesterase  (AChE, 
accession  #gi:  177975)^  and  butyrylcholinesterase  (BChE,  accession 
#  gi:  11 6353).  Acetylcholinesterase  in  nerve  synapses  terminates 
nerve  impulse  transmission  by  hydrolyzing  the  neurotransmitter 
acetylcholine.  Butyrylcholinesterase  acts  as  a  backup  for  acetylcho¬ 
linesterase,  and  as  a  scavenger  for  poisons  that  might  inhibit  acetyl¬ 
cholinesterase  activity.  Butyrylcholinesterase  was  of  little  interest 
to  research  scientists  until  the  US  Department  of  Defense  allocated 
millions  of  dollars  for  the  mass  production  of  pure  human  butyrylch¬ 
olinesterase  to  use  for  protection  against  the  toxicity  of  nerve  agents. 
Animal  studies  had  demonstrated  that  pretreatment  with  butyr¬ 
ylcholinesterase  gave  complete  protection  from  up  to  5  LD50  of  nerve 
agents  [1  ].  Chemical  warfare  agents  were  used  by  Iraq  against  Kur¬ 
dish  civilians  in  the  war  between  Iraq  and  Iran  (1980-1988),  and 
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by  Aum  Shinrikyo  cult  members  in  the  1 995  sarin  attack  in  the  Tokyo 
subway,  and  in  Matsumoto  city  the  previous  year. 

Nerve  agents  are  a  threat  because  they  are  extremely  toxic  at 
low  doses.  Their  acute  toxicity  is  due  to  inhibition  of  acetylcholin¬ 
esterase.  Nerve  agents  are  organophosphorus  esters,  similar  in 
structure  (Eig.  1)  and  mechanism  of  toxicity  to  organophosphorus 
pesticides. 

This  review  focuses  on  human  butyrylcholinesterase  and  unan¬ 
swered  questions  about  butyrylcholinesterase.  New  mass  spectrom¬ 
etry  evidence  suggests  that  proteins  other  than  the  cholinesterases 
may  be  involved  in  disorders  that  arise  from  low  dose  exposure. 

Function  of  butyrylcholinesterase 

The  human  body  has  ten  times  more  butyrylcholinesterase  than 
acetylcholinesterase  [2]:  about  680  nmol  of  butyrylcholinesterase 
and  62  nmol  of  acetylcholinesterase.  Butyrylcholinesterase  protein 
or  mRNA  has  been  found  in  almost  every  tissue  including  plasma, 
liver,  brain,  muscle,  saliva,  kidney,  heart,  lining  of  blood  vessels, 
skin,  colon,  small  intestine,  spleen,  and  lung  (see  AceView  in  the 
NCBl  database).  According  to  AceView,  the  BCHE  gene  is  expressed 
at  very  high  levels,  4.0  times  the  average  gene.  The  sequence  of  the 
BCHE  gene  is  defined  by  439  GenBank  accessions  from  433 
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Fig.  1.  Structures  of  organophosphorus  agents.  Paraoxon,  chlorpyrifos  oxon,  dichlorvos,  and  malaoxon  are  the  active  metabolites  of  pesticides.  Echothiophate  has  been  used 
in  eyedrops  to  treat  glaucoma.  Tabun,  VX,  soman,  sarin,  and  cyclosarin  are  nerve  agents  developed  for  use  as  chemical  warfare  agents.  FP-biotin  and  diisopropylfluoro¬ 
phosphate  are  research  reagents. 


cDNAclones.  Certain  neurons  in  the  thalamus  of  the  human  brain 
express  butyrylcholinesterase  exclusively,  whereas  others  express 
both  butyrylcholinesterase  and  acetylcholinesterase  as  shown  by 
specific  activity  staining  [3]. 

Acetylcholine  hydrolysis 

The  high  amount  of  butyrylcholinesterase  present  in  nearly 
every  tissue  suggests  that  butyrylcholinesterase  has  a  function. 
The  neurotransmitter  acetylcholine  is  an  excellent  substrate  for 
butyrylcholinesterase;  butyrylcholinesterase  hydrolyzes  acetylthi- 
ocholine  at  a  rate  just  2-fold  lower  than  it  hydrolyzes  butyrylthi- 
ocholine  [4].  Butyrylcholinesterase  does  not  appear  to  have  a 
significant  role  in  acetylcholine  hydrolysis  under  normal  condi¬ 
tions  as  shown  in  muscle  preparations  where  complete  inhibition 
of  butyrylcholinesterase  activity  has  no  effect  on  muscle  contrac¬ 
tion.  However,  butyrylcholinesterase  does  have  a  role  in  neuro¬ 
transmission  in  mice  that  have  no  acetylcholinesterase.  The 
AChE-/-  mice  have  normal  levels  of  butyrylcholinesterase  activ¬ 
ity.  Treatment  of  AChE-/-  mice  with  OP  results  in  inhibition  of 
butyrylcholinesterase  activity  and  lethality  at  concentrations  well 
below  those  that  cause  lethality  in  wild-type  mice  [5,6].  This  sug¬ 
gests  that  butyrylcholinesterase  performs  the  function  of  the 
missing  acetylcholinesterase  in  these  mice  by  hydrolyzing 
acetylcholine. 

Additional  evidence  of  a  role  for  butyrylcholinesterase  in  termi¬ 
nating  neurotransmission  comes  from  studies  of  the  Glyll7His 
transgenic  mouse.  This  mouse  expresses  low  levels  of  the  butyr¬ 
ylcholinesterase  mutant  G117H  in  all  tissues  [7].  The  G117H  mu¬ 
tant  is  resistant  to  inhibition  by  OP  and  is  capable  of  hydrolyzing 
acetylcholine  in  the  presence  of  OP.  Live  G117H  mice  treated  with 
DPP  survive  even  though  their  acetylcholinesterase  is  inhibited. 
Under  the  same  conditions  wild-type  mice  die.  The  survival  of 
the  G117H  mice  is  attributed  to  the  ability  of  G117H  to  hydrolyze 
acetylcholine  in  the  presence  of  DPP.  Though  the  G117H  mutant 
hydrolyzes  OP,  the  rate  of  OP  hydrolysis  is  slow,  so  that  OP  hydro¬ 
lysis  does  not  explain  survival.  If  OP  hydrolysis  were  significant, 
then  the  level  of  acetylcholinesterase  and  butyrylcholinesterase 
inhibition  should  be  lower  in  the  G117H  mouse  than  in  the  wild- 
type  mice  treated  with  DPP.  This  was  not  the  case.  The  levels  of 
inhibition  were  similar.  It  was  concluded  that  G117H  hydrolysis 
of  acetylcholine,  rather  than  hydrolysis  of  OP,  explained  survival 
of  these  mice. 

Acetylcholine  levels  in  the  hippocampus  of  live  AChE-/-  mice 
were  measured  by  microdialysis  followed  by  HPLC  and  electro¬ 
chemical  detection  [8].  Infusion  of  a  selective  butyrylcholinesterase 
inhibitor  (bambuterol,  tolserine,  or  bis-norcymserine)  through  the 
microdialysis  probe  caused  a  5-fold  increase  in  acetylcholine  levels 
in  AChE-/-  mice,  but  not  in  AChE+/+  mice.  It  was  concluded  that  in 
the  absence  of  acetylcholinesterase,  the  levels  of  extracellular 
acetylcholine  in  the  brain  are  controlled  by  the  activity  of 
butyrylcholinesterase. 


Neurons  in  the  human  thalamus  were  stained  specifically  for 
acetylcholinesterase  or  butyrylcholinesterase  activity.  In  some  nu¬ 
clei,  for  example  the  anteroventral  nucleus,  virtually  all  neurons 
stained  positive  for  butyrylcholinesterase  activity  and  none  stained 
positive  for  acetylcholinesterase  activity.  In  contrast,  some  nuclei 
for  example  the  anterodorsal  nucleus,  had  only  acetylcholinester¬ 
ase  positive  neurons.  It  was  concluded  that  the  distinct  distribution 
of  butyrylcholinesterase  in  neurons  is  consistent  with  an  impor¬ 
tant  role  for  butyrylcholinesterase  in  neurotransmission  in  the  hu¬ 
man  nervous  system  [3]. 

The  action  of  acetylcholine  on  bronchial  airway  smooth  muscle 
is  prolonged  following  inhibition  of  butyrylcholinesterase,  indicat¬ 
ing  that  butyrylcholinesterase  has  a  role  in  acetylcholine  hydroly¬ 
sis  in  this  tissue  [9,10]. 

Butyrylcholine  hydrolysis 

Butyrylcholine  is  the  optimum  substrate  for  human  butyrylch¬ 
olinesterase.  Butyrylcholine  has  been  found  in  bovine  corneal  epi¬ 
thelium  [11]  and  in  bovine  brain  [12]  where  its  function  is 
unknown.  Local  application  of  butyrylcholine  to  intrinsic  cardiac 
neurons  increases  neuronal  activity  [13],  suggesting  that  butyr¬ 
ylcholine  can  act  as  a  neurotransmitter. 

Protection  from  neurotoxins 

It  is  generally  agreed  that  butyrylcholinesterase  functions  to 
protect  from  man-made  and  naturally  occurring  poisons.  The 
man-made  poisons  include  OP  nerve  agents,  OP  pesticides,  carba¬ 
mate  pesticides,  and  the  Alzheimer  drugs  donepezil  and  rivastig- 
mine  [14,15].  Naturally  occurring  poisons  include  physostigmine 
(also  called  eserine)  in  the  calabar  bean,  cocaine  from  the  Erythr- 
oxylum  coca  plant,  solanidine  in  green  potatoes,  huperzine  A  from 
the  club  moss  Huperzia  serrata,  and  anatoxin-a(S)  an  OP  in  blue- 
green  algae  [16].  Butyrylcholinesterase  inactivates  these  poisons 
by  reversible  or  irreversible  binding  or  by  hydrolysis.  These  poi¬ 
sons  inhibit  the  activity  of  butyrylcholinesterase,  but  inhibition 
of  butyrylcholinesterase  has  no  known  adverse  effects.  Many  of 
these  poisons  are  acetylcholinesterase  inhibitors.  By  scavenging 
the  poisons,  butyrylcholinesterase  protects  acetylcholinesterase 
from  inhibition. 

Gaps  in  knowledge  of  butyrylcholinesterase  deficiency 

It  is  suspected  but  not  proven  that  people  with  butyrylcholin¬ 
esterase  deficiency  are  more  susceptible  to  the  toxicity  of  organo¬ 
phosphorus  pesticides,  as  well  as  to  anti-Alzheimer  drugs,  and 
recreational  doses  of  cocaine.  Butyrylcholinesterase  deficiency  is 
due  to  genetic  variation  as  well  as  to  malnutrition  and  liver  disease 
[17].  The  activity  of  butyrylcholinesterase  genetic  variants  ranges 
from  about  70%  of  normal  in  the  K  variant,  to  0%  of  normal  in 
the  silent  variant.  People  with  zero  butyrylcholinesterase  activity 
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have  normal  health,  are  fertile,  and  live  to  old  age  [2].  However, 
they  are  paralyzed  for  2  h  after  treatment  with  a  dose  of  succinyl- 
choline  that  paralyzes  most  people  for  only  3  min. 

The  presence  of  neurons  in  the  brain  that  express  butyrylcholin- 
esterase  exclusively  suggests  that  butyrylcholinesterase  in  those 
neurons  may  be  acting  on  a  neurotransmitter  substrate  that  is 
hydrolyzed  specifically  by  butyrylcholinesterase.  A  logical  sub¬ 
strate  would  be  butyrylcholine,  but  this  has  not  been  demon¬ 
strated.  Mice  completely  deficient  in  butyrylcholinesterase  have 
normal  health  and  behavior  [18],  suggesting  that  other  enzymes 
compensate  for  the  missing  butyrylcholinesterase  activity. 

Purification  of  butyrylcholinesterase  and  specific  activity 

Butyrylcholinesterase  is  purified  from  up  to  1001  of  outdated 
human  plasma  by  ion  exchange  chromatography  at  pH  4.0,  fol¬ 
lowed  by  affinity  chromatography  on  procainamide-Sepharose, 
and  ion  exchange  at  pH  7.4  [19].  Other  protocols  are  also  in  the  lit¬ 
erature  [20,21].  All  use  chromatography  on  procainamide-Sephar¬ 
ose  as  one  of  the  steps.  Recombinant  human  acetylcholinesterase  is 
also  purified  by  binding  to  procainamide-Sepharose  [22]. 

The  specific  activity  of  pure  human  butyrylcholinesterase  is 
720  pmol  min“^  mg“^  assayed  at  pH  7.0  in  0.1  M  potassium  phos¬ 
phate,  25  °C  with  1  mM  butyrylthiocholine.  Protein  concentration 
is  measured  by  absorbance  at  280  nm  where  a  1  mg/ml  solution 
of  butyrylcholinesterase  has  an  absorbance  of  1.8. 

Butyrylcholinesterase  has  a  non-linear  response  in  plots  of  1/ 
activity  versus  1 /butyrylthiocholine  concentration.  The  phase  from 
0.01  to  0.1  mM  butyrylthiocholine  yields  a  kcat  of  24,000  min“\ 
The  substrate  activation  phase  from  0.4  to  40  mM  yields  a  kcat  va¬ 
lue  that  is  3.2  times  higher,  76,800  min“^  [23]  measured  at  pH  7.0 
and  25  °C.  At  pH  8.0  the  values  are  kcat  =  45,500  min“^  with  buty¬ 
rylthiocholine,  and  kcat  =  30,600  min“^  with  acetylthiocholine  for 
the  substrate  range  0.02-0.1  mM  [20]. 

The  specific  activity  of  pure  human  acetylcholinesterase  is 
6000  pmol  min“^  mg“^  assayed  at  pH  8.0,  25  °C  with  1  mM  acetyl¬ 
thiocholine,  which  corresponds  to  a  kcat  value  of  400,000  min“^ 
[24]. 

Gaps  in  knowledge  of  purification  method 

Procainamide  was  selected  as  a  ligand  for  affinity  column  puri¬ 
fication  because  the  inhibition  constant  for  procainamide 
(/<i  =  9  X  10“®M)  [25,26]  is  tight  enough  to  give  good  binding, 
but  not  so  tight  as  to  make  it  impossible  to  release  the  bound 
butyrylcholinesterase.  The  procainamide  affinity  column  does  not 
purify  butyrylcholinesterase  in  a  single  step.  Two  additional  chro¬ 
matography  steps  are  required  before  the  butyrylcholinesterase  is 
pure. 

Protocols  with  multiple  chromatography  steps  are  not  ideal  for 
sample  preparation  for  mass  spectrometry  where  the  goal  is  to 
identify  the  OP-labeled  peptide  in  a  small  clinical  sample.  What 
is  needed  is  a  one-step  purification  method.  A  one-step  purification 
on  procainamide-Sepharose  is  inadequate  for  identification  of  the 
OP-labeled  active  site  tryptic  peptide  of  butyrylcholinesterase,  be¬ 
cause  this  affinity  gel  does  not  yield  highly  purified  butyrylcholin¬ 
esterase.  Ion  suppression  by  contaminating  peptides  prevents  the 
OP-labeled  peptide  from  ionizing  in  the  mass  spectrometer.  A  more 
useful  affinity  column  would  bind  butyrylcholinesterase  with  such 
high  affinity  that  almost  all  contaminating  proteins  could  be 
washed  off.  It  would  not  be  necessary  to  elute  the  butyrylcholin¬ 
esterase  from  the  affinity  column  because  the  bound  butyrylcho¬ 
linesterase  could  be  digested  with  trypsin  using  protocols  similar 
to  those  used  to  digest  proteins  embedded  in  acrylamide  gel  slices. 
Beads  that  do  not  dissolve  in  50%  acetonitrile  would  be  optimal. 


because  it  would  allow  extraction  of  peptides  with  50% 
acetonitrile. 

Structure  of  the  butyrylcholinesterase  tetramer 

The  butyrylcholinesterase  tetramer  consists  of  4  identical  sub¬ 
units,  each  containing  574  amino  acids.  The  C-terminal  40  amino 
acids  comprise  the  tetramerization  domain.  Assembly  of  butyr¬ 
ylcholinesterase  subunits  into  a  tetramer  requires  a  polyproline- 
rich  peptide  derived  from  lamellipodin  [27].  A  crystal  of  the  native 
butyrylcholinesterase  tetramer  has  not  yet  been  obtained.  Crystal¬ 
lization  is  difficult  because  of  the  flexible  tetramerization  domain 
which  protrudes  from  the  tetramer  like  a  stem  from  a  flower.  A 
model  of  the  butyrylcholinesterase  tetramer  including  its  tetra¬ 
merization  domain  interleaved  with  a  polyproline-rich  peptide 
has  been  constructed  and  is  shown  in  Fig.  2.  The  model  is  sup¬ 
ported  by  biochemical  data  that  indicate  the  tetramerization  do¬ 
main  can  be  cleaved  off  with  proteases  without  affecting  the 
catalytic  properties  of  the  enzyme.  Knowledge  of  the  tetramer 
organization  is  important:  (a)  it  will  confirm  the  presence  of  a 
polyproline  peptide  within  the  tetramerization  domain;  (b)  it  will 
reveal  the  relationship  of  the  tetramerization  domain  to  the  sub¬ 
unit  assembly;  (c)  it  will  provide  information  about  the  structure 
of  membrane-anchored  butyrylcholinesterase;  (d)  it  will  reveal 
the  relative  orientation  of  subunits  in  the  tetramer  and  might  tell 
whether  cooperativity  exists  between  subunits,  (e)  it  will  help  in 
design  of  butyrylcholinesterase-based  bioscavengers  with  longer 
residence  times  in  the  circulation. 

Catalytic  issues 

Site-directed  mutagenesis  studies,  the  crystal  structure  of 
butyrylcholinesterase  and  molecular  dynamic  studies  support  the 
formal  minimum  mechanistic  model  (Scheme  1)  proposed  from 
steady-state  kinetic  analysis  of  cholinesterases  [28].  This  minimum 
model  implies  a  conformational  link  between  residues  located  at 
the  rim  of  the  gorge,  the  peripheral  anionic  site,  and  the  active  cen¬ 
ter  located  at  the  bottom  of  the  gorge.  Conformational  linkage  oc¬ 
curs  through  motion  of  the  omega  loop  that  connects  Asp70,  the 
main  component  of  the  peripheral  anionic  site,  and  Trp82,  the 
main  component  of  the  “choline”-binding  site  in  the  catalytic 
center. 

The  non-Michaelian  behavior  of  butyrylcholinesterase  with  ex¬ 
cess  positively  charged  substrates  (h  <  1  or  h  >  1)  results  from  the 
binding  of  a  second  substrate  molecule  (Sp)  on  the  peripheral  anio¬ 
nic  site.  Neutral  substrates  in  excess  do  not  bind  to  the  peripheral 
anionic  site,  thus  butyrylcholinesterase  follows  the  Michaelis- 
Menten  model  (b  =  ^)  with  neutral  substrates.  For  most  esters, 
the  acylation  and  deacylation  steps  are  partially  rate  limiting,  so 
that  the  turnover  number,  kcat,  is  determined  by  the  magnitude 
of  both  rate  constants  (kcat  =  k2k3/(k2  +  ks))-  The  charge  of  the  sub¬ 
strate  is  important  for  binding.  The  values  for  positively 
charged  esters  are  of  the  order  of  microM,  while  for  neutral  and 
negatively  charged  esters,  I<m  values  are  3  orders  of  magnitude 
higher.  After  substrate  is  bound,  electric  charge  is  not  the  deter¬ 
mining  factor  of  catalytic  efficiency.  A  negatively  charged  substrate 
like  aspirin  (kcat  =  6200  min“^)  is  hydrolyzed  at  a  rate  only  2  times 
lower  than  the  positively  charged  acetylcholine  (13,000  min“^) 
and  8  times  lower  than  its  related  neutral  ester  phenylacetate 
(32,000  min“^).  Because  the  active  site  pocket  of  butyrylcholinest¬ 
erase  is  larger  than  that  of  acetylcholinesterase  (?^500  against 
300  A^)  [29],  butyrylcholinesterase  is  less  specific  and  can  accom¬ 
modate  bulkier  substrates.  The  catalytic  efficiency  of  butyrylcho¬ 
linesterase  to  hydrolyze  esters  is  in  fact  mostly  dependent  on  the 
size  and  enantiomeric  configuration  of  the  acyl  or  alcohol  moieties. 
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Fig.  2.  Model  of  the  human  butyrylcholinesterase  tetramer.  Four  subunits  assemble 
through  the  tetramerization  domain  at  the  C-terminus.  The  tetramerization  domain 
has  four  parallel  alpha  helices  wrapped  around  a  single  antiparallel  polyproline 
helix.  The  polyproline  peptide  derives  from  lamellipodin.  The  tetramer  is  a  dimer  of 
dimers.  Dimers  have  an  interchain  disulfide  bond  at  Cys571.  (A)  Viewed  from  the 
top,  with  the  tetramerization  domain  and  the  polyproline  peptide  in  the  center. 
Two  of  the  active  sites  are  exposed  to  solvent,  while  two  face  the  central  cavity  of 
the  butyrylcholinesterase  tetramer.  (B)  Viewed  from  the  side.  Reproduced  from 
[185]. 

For  instance,  kcat  for  (+)-cocaine  is  7500  min“^  while  it  is  3.9  min“^ 
for  (-)-cocaine  [30].  The  substrate  slides  down  the  gorge  to  form  a 
first  enzyme-substrate  complex,  ESi,  that  is  non-productive.  Then 
ESi  rotates  to  a  position  favorable  for  nucleophilic  attack  by 
Seri  98.  This  second  complex,  ES2,  is  the  productive  Michaelis  com¬ 
plex  [23,31]. 

The  promiscuity  of  butyrylcholinesterase  and  its  hysteretic 
behavior  with  certain  substrates  raise  interesting  questions  related 
to  putative  catalytic  functions. 
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Aryl  acylamidase  activity 

Like  acetylcholinesterase,  butyrylcholinesterase  displays  a  gen¬ 
uine  aryl  acylamidase  activity  with  o-nitroacetanilide,  by  hydro¬ 
lyzing  an  amide  bond  [32].  See  Eig.  3.  This  activity  reflects  the 
conformational  plasticity  of  the  active  site  to  adjust  to  different 
types  of  substrates  [33].  Clear  evidence  has  been  provided  that 
the  aryl  acylamidase  activity  of  butyrylcholinesterase  is  fully  ex¬ 
plained  by  its  single  active  site  serine  (Seri 98)  [34,35].  Echothio- 
phate  completely  inhibits  both  aryl  acylamidase  and  esterase 
activities.  Titration  with  echothiophate  shows  that  echothiophate 
inhibits  both  aryl  acylamidase  and  esterase  activities  with  the 
same  bimolecular  rate  constant.  Plasma  from  a  silent  butyrylcho¬ 
linesterase  genetic  variant  with  a  frame  shift  at  amino  acid  117 
(ESI  17)  has  neither  aryl  acylamidase  nor  esterase  activity.  Muta¬ 
tion  of  the  active  site  serine  to  cysteine  or  aspartate  yields  butyr¬ 
ylcholinesterase  with  neither  aryl  acylamidase  nor  esterase 
activity.  It  is  concluded  that  Seri  98  is  the  active  site  for  both  aryl 
acylamidase  and  esterase  activity. 

Study  of  highly  purified  monomers  and  tetramers  of  butyrylch¬ 
olinesterase  showed  that  the  aryl  acylamidase  activity  of  butyr¬ 
ylcholinesterase  does  not  depend  on  quaternary  structure  [34]. 
Yet,  it  was  reported  that  enzyme  molecular  forms  isolated  by  su¬ 
crose  gradient  ultracentrifugation  differ  in  aryl  acylamidase  activ¬ 
ity,  the  monomer  being  more  active  than  the  tetramer  [36,37].  The 
discrepancy  could  be  explained  by  contamination  of  butyrylcholin¬ 
esterase  monomer  fractions  by  tissue-specific  carboxylesterase- 
amidase  isozymes  in  gut  and  kidney  [38,39]  or  albumin  since  carb- 
oxylesterase-amidases  and  albumin  have  aryl  acylamidase  activity 
[40], 

The  question  of  the  possible  physiological  significance  of  the 
aryl  acylamidase  activity  of  cholinesterases  has  repeatedly  been 
addressed  [32,41,42].  With  the  exception  of  melatonin,  no  endog¬ 
enous  aryl  acylamide  compound  has  been  isolated  so  far,  and  it 
should  be  noted  that  melatonin  is  not  hydrolyzed  by  cholinesteras¬ 
es  (Masson  and  Eroment,  unpublished  result).  Thus,  the  hypothet¬ 
ical  function  of  butyrylcholinesterase  and  acetylcholinesterase  in 
the  metabolism  of  putative  endogenous  aryl  acylamide  substrates 
remains  to  be  demonstrated. 

Moreover,  we  should  point  out  that  the  aryl  acylamidase  activ¬ 
ity  of  butyrylcholinesterase  is  very  low,  with  acylation  as  the  rate- 
limiting  step  (/<2  «  ks),  and  that  the  Km  with  neutral  aryl  acylamide 
substrates  is  high.  Therefore,  under  Michaelis-Menten  conditions 
(enzyme  concentration  much  less  than  substrate  concentration), 
hydrolysis  of  aryl  acylamide  substrates  at  non-lethal  concentra¬ 
tions  is  pseudo-first  order.  The  neutral  aryl  acylamides,  propanilil 


o 

II 


Fig.  3.  Hydrolysis  of  o-nitroacetanilide  by  acetylcholinesterase  and  butyryl¬ 
cholinesterase. 
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(fungicide),  acetaminophen  and  phenacetin  (drugs),  and  the  nega¬ 
tively  charged  aryl  acylamide,  N-acetylanthranilic  acid  (drug  pre¬ 
cursor),  are  not  hydrolyzed  by  butyrylcholinesterase  under  these 
conditions.  These  results  suggest  that  it  is  unlikely  that  plasma 
butyrylcholinesterase  plays  a  role  in  the  metabolism  of  exogenous 
aryl  acylamide  drugs  and  xenobiotics  [34,35]. 


Hysteretic  behavior 

The  establishment  of  a  steady  state  for  butyrylcholinesterase- 
catalyzed  hydrolysis  of  certain  substrates  is  preceded  by  a  long 
induction  phase.  This  phenomenon  was  first  described  with  N- 
methylindoxyl  acetate  as  the  substrate  where  a  lag  of  several  min¬ 
utes  is  needed  to  reach  steady  state  [43].  Actually,  “chaotic”  lags 
preceding  steady  state  have  been  observed  for  decades  by  investi¬ 
gators  using  benzoylcholine  as  the  substrate,  but  the  nature  of  this 
phenomenon  had  not  been  investigated.  Investigators  using  ben¬ 
zoylcholine  just  recorded  hydrolysis  kinetics  after  establishment 
of  “equilibrium”.  Kinetic  analysis  of  benzoylcholine  hydrolysis 
showed  that  the  pre-steady  state  phase  can  be  described  by 
damped  oscillations  that  superimpose  on  a  mono-exponential  lag 
[44].  The  dependence  of  induction  time  on  substrate  concentration 
was  interpreted  according  to  hysteretic  models  developed  by  Frie- 
den  [45].  Accordingly,  the  enzyme  exists  in  two  interconvertible 
states,  E  and  E'  in  slow  equilibrium  (Scheme  2).  Substrate  can  bind 
on  E  and/or  on  E'.  Depending  on  the  affinity  of  E  and  E'  for  S,  (Ks  and 
K's  are  dissociation  constants  of  enzyme-substrate  complexes), 
and  whether  ES  and  E'S  make  products  (P)  or  not,  induction  time 
will  be  a  lag  or  a  burst.  With  N-methylindoxyl  acetate,  only  E'  binds 
S  and  makes  products,  while  with  benzoylcholine,  E  and  E'  bind  S, 
but  only  E'S  makes  products.  With  both  substrates  induction  times 
are  lags.  With  an  anilide,  3-(acetamido)  N,N,N-trimethylanilinium 
both  enzyme  states  bind  substrate  and  make  products,  but  K's  <  Ks 
and  E'S  is  catalytically  less  active  than  ES.  In  that  case,  a  burst  is  ob¬ 
served  [34,46].  Damped  oscillations  with  benzoylcholine  and  long- 
alkyl  chain  homologues  of  benzoylcholine  [44,47]  were  the  result 
of  an  additional  time-dependent  constraint:  the  slow  formation 
of  a  suitable  substrate  molecule  due  to  multiple  slow  equilibria  be¬ 
tween  different  forms  of  the  substrate  (conformers,  oligomers  and 
micelles)  [46]. 

The  molecular  mechanism  for  the  hysteretic  behavior  of  butyr¬ 
ylcholinesterase  and  acetylcholinesterase  [46,48,49]  is  still  un¬ 
known.  Site-directed  mutagenesis,  pH-dependence  studies,  and 
occurrence  of  hysteresis  with  both  cholinesterases  suggest  that 
hysteresis  originates  in  the  function  of  the  catalytic  triad.  Effects 
of  temperature,  hydrostatic  pressure,  organic  solvents  and  lyotro¬ 
pic  salts  indicate  that  hysteresis  is  related  to  enzyme  hydration 
change.  Water  in  the  active  site  gorge  of  enzyme  form  E'  appears 
to  be  more  structured  than  in  the  gorge  of  the  unprimed  form  E. 
A  preliminary  kinetic  crystallography  study  indicates  that  water 
structure  change  in  the  gorge  may  induce  a  flip  in  the  position  of 
the  catalytic  histidine  (Colletier,  unpublished  work). 

The  physiological  relevance  of  the  hysteretic  behavior  of  the 
cholinesterases  is  questionable  because  acetylcholinesterase-cata¬ 


lyzed  hydrolysis  of  acetylcholine  does  not  require  hysteresis.  How¬ 
ever,  affinity  and  reaction  with  inhibitors  may  differ  between  E  and 
E'.  Thus,  it  can  be  hypothesized  that  hysteresis  could  act  as  a  “re¬ 
tarder”  mechanism  in  natural  defenses  against  toxicity  of  anticho¬ 
linesterase  agents.  In  fact,  ligand  binding  and  inhibition  studies 
provided  evidence  for  slow  isomerization  between  two  cholines¬ 
terase  forms  differing  in  affinity  for  ligands  of  the  peripheral  site 
[50,51].  Also,  biphasic  inhibition  kinetics  of  butyrylcholinesterase 
by  the  carbamylating  agent  N-methyl-N-(2-nitrophenyl)carbamoyl 
chloride  was  explained  by  a  mechanism  in  which  both  E  and  E' 
forms  have  the  same  affinity  for  the  inhibitor  but  are  inactivated 
at  different  rates  (k'carb  =  10  kcarb)  [52].  Therefore,  if  reaction  with 
certain  irreversible  inhibitors  is  faster  for  E'  than  for  E  as  in  slow- 
binding  inhibition  of  type  c  [53],  then  it  may  be  hypothesized  that 
hysteresis  could  play  a  protective  role  in  damping  the  cholinergic 
response  to  these  agents. 

Inhibition  by  OP  and  aging  of  the  inhibited  enzyme 

Phosphylation  of  cholinesterases 

Organophosphorus  compounds  are  progressive  irreversible 
inhibitors  of  acetylcholinesterase  and  butyrylcholinesterase.  After 
stereoselective  formation  of  the  enzyme-OP  complex,  the  OP 
makes  a  covalent  bond  with  the  catalytic  serine  and  simulta¬ 
neously  releases  the  leaving  group  (Pig.  4).  The  stereochemistry 
of  the  groups  attached  to  phosphorus  is  inverted.  The  catalytic 
histidine  remains  protonated,  so  that  water-mediated  dephosphy- 
lation  is  very  slow  or  zero.  After  aging  (dealkylation  of  the  organo- 
phosphate),  the  positively  charged  catalytic  histidine  stabilizes  the 
negatively  charged  aged  OP  adduct.  Bimolecular  rate  constants  for 
phosphylation  of  cholinesterases  are  10^-10^°  min“\  Past 
phosphylation  of  acetylcholinesterase  fully  explains  the  acute 
lethal  toxicity  of  OP  [54].  However,  the  sub-lethal  toxicity  of  OP 
with  no  inhibition  of  acetylcholinesterase,  but  with  chronic  effects 
can  be  explained  by  inhibition  of  other  enzymes  [15]  or  phosphy¬ 
lation  of  other  protein  targets. 

Reactivation  of  phosphylated  cholinesterases 

The  term  “phosphylated”  denotes  both  phosphorylation  and 
phosphonylation.  Phosphylated  cholinesterases  can  be  reactivated 
by  nucleophilic  compounds  such  as  fluorides,  hydroxamates  and 
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Fig.  4.  Reaction  of  butyrylcholinesterase  and  acetylcholinesterase  with  OP.  (1) 
formation  of  reversible  complex;  (2)  phosphylation  of  the  active  site  serine,  with 
departure  of  the  leaving  group  X  and  inversion  of  the  stereochemistry  of  the  OP;  (3) 
reactivation  of  phosphylated  enzyme  by  oximes  or  by  2  M  potassium  fluoride;  (4) 
aging  to  produce  a  negatively  charged  OP  stabilized  by  interaction  with  the 
positively  charged  histidine  of  the  catalytic  triad.  Inset.  When  the  OP  is  soman,  Ri  is 
pinacolyl  alcohol.  Dealkylation  does  not  yield  pinacolyl  alcohol,  but  instead  yields  3 
rearranged  products  [75]. 


112 


P.  Masson,  0.  Lockridge  f  Archives  of  Biochemistry  and  Biophysics  494  (2010)  107-120 


Fig.  5.  Oxime  structures. 


oximates.  The  pyridinium  oximes  2-PAM  and  obidoxime  (toxogo- 
nin)  are  currently  used  as  antidotes  to  OP  poisoning.  The  more  po¬ 
tent  oximes  HI-6  and  MMB-4  are  under  advanced  development. 
The  structures  of  oximes  are  in  Fig.  5.  The  efficacy  of  oximes  to 
reactivate  phosphylated  cholinesterases  depends  on  the  type  of  en¬ 
zyme,  and  the  chemical  structure  of  the  organophosphorus  agent 
bound  to  the  catalytic  serine.  Phosphylated  human  butyrylcholin- 
esterase  is  reactivated  less  efficiently  than  phosphylated  human 
acetylcholinesterase.  Cholinesterases  inhibited  by  tabun  are  resis¬ 
tant  to  most  oximes  at  concentrations  compatible  with  medical 
use  [55].  Hydroxamates  and  fluoride  ions  release  OP  in  vitro  at  con¬ 
ditions  (2  M  potassium  fiuoride  pH  4)  incompatible  for  therapeutic 
use  in  vivo,  but  well  suited  for  biomonitoring  of  exposure  [56]. 

Aging  of  OP-inhibited  cholinesterases 

Reactivation  of  phosphylated  enzymes  is  complicated  by  post- 
inhibitory  reactions.  Phosphylated  cholinesterases  as  well  as  the 
serine  proteases  trypsin  and  chymotrypsin  [57]  may  become  pro¬ 
gressively  resistant  to  reactivators.  On  the  other  hand,  phosphylat¬ 
ed  serine  enzymes  like  carboxylesterases  [58]  and  phospholipase 
A2[59]  can  be  reactivated.  Carboxylesterase  spontaneously 
reactivates. 

Progressive  loss  of  reactivatability  of  phosphylated  enzymes  is 
called  “aging”.  Aging  is  the  functional  consequence  of  unimolecular 
dealkylation  of  the  OP  adduct.  Aging  is  catalyzed  by  residues  in  the 
active  site.  His  438  and  Glu  197  [36].  The  rate  of  aging  depends  on 


both  the  enzyme  structure  and  the  OP  structure.  The  rate  of  aging 
is  modulated  by  temperature,  pH,  and  ligand  binding.  Aging  can  be 
halted  by  denaturing  the  protein.  The  half  time  of  aging  ranges 
from  a  few  minutes  to  several  days  (Table  1 ).  Treatment  of  OP  poi¬ 
soning  may  be  dramatically  impaired  when  there  is  rapid  aging.  In 
particular,  in  the  case  of  poisoning  by  soman,  aging  of  phosphony- 
lated  acetylcholinesterase  is  so  fast  that  treatment  with  a  potent 
oxime  like  HI-6  is  ineffective.  In  the  case  of  poisoning  by  sarin, 
which  has  a  slow  aging  rate,  treatment  by  pralidoxime  (2-PAM) 
effectively  reactivates  acetylcholinesterase  as  was  observed  in  To¬ 
kyo  casualties  after  release  of  sarin  in  the  subway  [60]. 

Beta-elimination  to  form  dehydro  alanine 

When  the  pH  of  a  solution  of  phosphylated  butyrylcholinester- 
ase  is  raised  to  11  the  organophosphorus  agent  and  the  active  site 
serine  are  both  lost  during  beta-elimination  (Fig.  6).  As  a  result  the 
active  site  serine  is  converted  to  dehydroalanine.  Both  aged  and 
non-aged  phosphylated  butyrylcholinesterase  undergo  beta-elimi¬ 
nation.  The  dehydroalanine  peptide  is  detectable  by  mass  spec¬ 
trometry.  For  human  butyrylcholinesterase,  the  masses  of  the 
tryptic  peptides  are  2910.5  m/z  for  the  dehydroalanine  form  of 
the  active  site  peptide,  2928.5  for  the  unlabeled  active  site  peptide, 

3006.5  for  aged  sarin,  soman,  and  cyclosarin  peptide,  and  3090.5 
for  the  soman-labeled  peptide  before  aging.  Dehydroalanine  also 
forms  at  pH  7.4  though  the  rate  of  formation  is  much  slower  than 
at  pH  11. 

Another  way  to  generate  dehydroalanine  is  to  bombard  the 
phosphylated  peptide  with  high  energy  during  acquisition  of  MS/ 
MS  fragmentation  data  [68].  The  dehydroalanine  form  of  the  pep¬ 
tide  is  among  the  most  intense  peaks  in  the  MS/MS  spectrum 
indicating  that  beta-elimination  occurs  more  easily  than  fragmen¬ 
tation  of  the  backbone  bonds  in  the  peptide.  OP-inhibited  butyr¬ 
ylcholinesterase  undergoes  beta-elimination  regardless  of  the 
structure  of  the  OP. 

The  curious  mass  spectrometry  observation  is  that  a  dehydro¬ 
alanine  peptide  is  also  observed  in  MS  spectra.  A  peak  at 

2910.5  m/z  is  observed  in  MS  spectra  acquired  on  the  MALDI-TOF 
mass  spectrometer  (Fig.  7).  2910.5  is  the  mass  of  the  dehydroala¬ 
nine  form  of  the  human  butyrylcholinesterase  tryptic  peptide. 
MS  spectra  acquired  on  the  QTRAP  tandem  quadrupole  ion  trap 
mass  spectrometer  also  have  the  2910.5  peptide.  Fragmentation 


Table  1 

Half-time  of  aging  for  human  acetylcholinesterase  and  human  butyrylcholinesterase  inhibited  by  organophosphorus  compounds. 


o 

II 

E-0-P-R1 

R, 


OP 

Ri 

R2 

t(°C) 

pH 

tl/2 

Reference 

Human  AChE 

Soman* 

(CH3)3C(CH3)CH0 

CH3 

27 

8.0 

6.3  min 

[61] 

Sarin 

(CH3)2CH0 

CH3 

37 

8.0 

3.9  h 

[62] 

Cyclosarin 

Cyclohexyl-0 

CH3 

37 

7.4 

8.7  h 

[63] 

Tabun 

(CH3)2N 

CH3CH20 

37 

7.4 

13.6  h 

[64] 

DFP 

(CH3)2CH0 

(CH3)2CH0 

37 

7.8 

4.4  h 

[65] 

Paraoxon-ethyl 

CH3CH20 

CH3CH20 

37 

41  h 

[63] 

Paraoxon-methyl 

CH30 

CH30 

37 

7.4 

3.7  h 

[66] 

Human  BChE 

Soman* 

(CH3)3C(CH3)CH0 

CH3 

25 

8.0 

9  min 

[67] 

Sarin 

(CH3)2CH0 

CH3 

37 

7.4 

5.8-6.4  h 

[64] 

Cyclosarin 

Cyclohexyl-0 

CH3 

37 

7.4 

2.2  h 

[63] 

Tabun 

(CH3)2N 

CH3CH20 

37 

7.4 

6.1-6.4h 

[64] 

DFP 

(CH3)2CH0 

(CH3)2CH0 

37 

7.8 

28  min 

[65] 

Paraoxon-ethyl 

CH3CH20 

CH3CH20 

20 

8 

11.6h 

[63] 

Paraoxon-methyl 

CH30 

CH30 

37 

7.4 

3.9  h 

[66] 

Racemic  soman. 
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dehydroalanine 


Fig.  6.  Beta-elimination.  OP-labeled  serine  loses  the  OP  and  a  molecule  of  water  in 
the  beta-elimination  reaction.  The  active  site  serine  is  converted  to  dehydroalanine. 
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Fig.  7.  MS  spectrum  of  tryptic  digest  of  soman-labeled  human  butyrylcholinester- 
ase.  Peptides  were  separated  by  HPLC  and  1  ml  fractions  collected.  A  0.5-pl  aliquot 
of  each  fraction  was  analyzed  in  the  MALDl-TOF  mass  spectrometer.  Panel  A  shows 
that  fraction  35  contains  the  aged  soman-labeled  peptide  at  3006.5  m/z  and  a  small 
amount  of  unlabeled  peptide  at  2928.5  m/z.  Panel  B  shows  that  fraction  36  contains 
the  dehydroalanine  form  of  the  peptide  at  2910.5  m/z,  unlabeled  peptide  at 
2928.5  m/z,  and  a  small  amount  of  aged-soman-labeled  peptide  at  3006.5  m/z.  The 
active  site  serine  of  human  butyrylcholinesterase  is  Seri  98  (accession  #  gi:l  16353). 


shows  that  the  sequence  of  the  2910.5  peptide  is  SVTLFGEAAGA¬ 
ASVSLHLLSPGSHSLFTR  where  the  symbol  A  represents  dehydro¬ 
alanine.  The  energy  for  acquisition  of  MS  spectra  is  low  so  that 
the  energy  of  ionization  is  not  likely  to  be  the  cause  of  beta-elim¬ 
ination.  The  beta-elimination  could  have  occurred  during  sample 
preparation  or  it  could  reflect  spontaneous  formation  of  dehydro¬ 
alanine  under  mild  conditions.  It  is  not  known  whether  dehydro¬ 
alanine  forms  spontaneously  under  physiological  conditions  from 
OP-inhibited  butyrylcholinesterase  and  OP-inhibited  acetylcholin¬ 
esterase.  Dehydroalanine  forms  of  the  cholinesterases  cannot  be 
reactivated  by  treatment  with  oximes. 

Gaps  in  knowledge  of  rate  of  beta-elimination  to  make  dehydroalanine 


cal  conditions  has  not  yet  been  determined.  It  is  assumed  that 
phosphylated  acetylcholinesterase  undergoes  the  same  beta-elim¬ 
ination  as  phosphylated  butyrylcholinesterase,  but  this  has  not 
been  demonstrated.  Since  the  dehydroalanine  form  of  cholinester¬ 
ases  cannot  be  reactivated,  it  is  important  to  know  how  much  of  an 
aged  acetylcholinesterase  preparation  is  in  the  dehydroalanine 
form  when  attempting  to  evaluate  oxime  drugs  for  their  reactiva¬ 
tion  efficacy. 

Mechanism  of  dealkylation  of  phosphylated  cholinesterase 

Dealkylation  of  phosphylated  cholinesterase  is  an  SNi  reaction. 
The  reaction  has  been  thoroughly  investigated  for  aging  of  soman- 
inhibited  cholinesterase  where  it  involves  a  carbocation-like 
transition  state  and  then  scission  of  the  P-O-C  chain  to  form  a  car- 
bocation  on  the  pinacolyl  chain.  For  organophosphates  like  echo- 
thiophate  and  DFP,  and  organophosphonates  like  sarin  and 
soman,  phosphylation  and  aging  of  human  butyrylcholinesterase 
were  carried  out  in  ^^0-water  and  compared  to  aging  in  ^®0-water. 
Analysis  of  tryptic  peptides  by  MALDl-TOF  mass  spectrometry  pro¬ 
vided  evidence  that  dealkylation  occurs  by  breaking  of  the  0-C 
bond  and  not  the  P-0  bond  [69].  For  the  phosphoramidate,  tabun, 
mass  spectrometry  and  X-ray  structure  analyses  provided  evidence 
that  aging  of  cholinesterase  occurs  through  0-dealkylation,  not  N- 
dealkylation  [70].  For  the  phosphorodithioate,  isomalathion,  aging 
is  more  complex,  involving  0-C,  P-S  and  S-C  cleavages,  depending 
on  the  enantiomer  that  reacted  with  the  enzyme  [69]. 

Chemical  modiflcation  of  histidine  by  diethylpyrocarbonate 
implicated  the  active  site  histidine  in  aging  [71].  Studies  of  pH 
dependence  and  site-directed  mutagenesis  provided  evidence  for 
participation  of  the  catalytic  histidine  and  the  glutamate  vicinal 
to  the  catalytic  serine  in  the  mechanism  of  dealkylation  [72].  Other 
residues  in  the  active  center  of  cholinesterase  have  been  found  to 
play  a  role  in  the  aging  process.  In  particular,  tryptophan  (W82 
in  human  butyrylcholinesterase),  the  main  component  of  the  cho¬ 
line-binding  pocket,  has  been  found  to  stabilize  the  developing 
carbocationic  chain  that  will  be  released  [61]. 

Identiflcation  of  products  released  by  dealkylation  of  the  pinac¬ 
olyl  chain  of  soman  bound  to  acetylcholinesterase  [73-75]  as  well 
as  pH  profiles  and  solvent  isotope  effects  support  a  “push-pull” 
mechanism  for  aging  in  which  tryptophan  (W82  in  human  butyr¬ 
ylcholinesterase)  and  glutamate  (El 97  in  human  butyrylcholinest¬ 
erase)  exert  electrostatic  and  steric  “push”,  and  histidine  (H438  in 
human  butyrylcholinesterase)  and  the  oxyanion  hole  act  as  “pull¬ 
ers”  [76,77].  This  mechanism  involves  migration  of  methyl  from 
Cp  to  Ca  in  the  pinacolyl  chain  in  the  dealkylation  transition  state. 
Another  proposed  mechanism  supported  by  mutagenesis  and 
structural  data  involves  protonation  of  the  pinacoloxy  oxygen  by 
the  protonated  catalytic  histidine,  and  then  scission  of  the  0-C 
bond  [61  ].  More  recently,  the  high-resolution  crystal  structure  of 
non-aged  and  aged  soman-acetylcholinesterase  conjugates  led  to 
a  critical  reexamination  of  both  models,  highlighting  the  role  of  a 
conserved  water  molecule  in  dealkylation  [78]. 

Dealkylation  is  accompanied  by  formation  of  a  salt  bridge  be¬ 
tween  the  negatively  charged  P-0“  and  the  protonated  catalytic 
histidine  [79,80].  Crystal  structures  of  aged  butyrylcholinesterase 
(Fig.  8)  and  other  serine  hydrolases  confirm  the  existence  of  this 
strong  salt  bridge  in  the  active  center  of  aged  conjugates 
[57,70,78,81]. 


It  is  not  certain  that  phosphylated  cholinesterases  undergo 
beta-elimination  under  physiological  conditions.  The  possibility 
that  artifacts  are  introduced  during  preparation  of  samples  for 
analysis  in  the  mass  spectrometer  needs  to  be  ruled  out.  It  is  not 
known  whether  a  substantial  amount  of  dehydroalanine  forms 
in  vivo.  The  rate  of  formation  of  dehydroalanine  under  physiologi- 


Consequence  of  aging  on  cholinesterase  structure 

Fluorescence  decay  of  pyrenebutyl-containing  organophos¬ 
phates  bound  to  acetylcholinesterase  was  found  to  have  a  lower 
quantum  yield  for  non-aged  conjugates  than  for  aged  ones  [82]. 
This  suggested  that  the  pyrenebutyl  group  in  aged  conjugates  is 
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Fig.  8.  Salt  bridge  between  the  negatively  charged  aged  soman  bound  to  Seri  98 
and  the  positively  charged  catalytic  His438  of  human  butyrylcholinesterase.  The 
crystal  structure  is  in  pdb  code  IpOq  [81]. 

more  deeply  buried  than  in  non-aged  conjugates.  Later,  kinetic  and 
equilibrium  studies  showed  alteration  in  binding  of  peripheral  an¬ 
ionic  site  ligands  in  aged  acetylcholinesterase  compared  to  non¬ 
aged  acetylcholinesterase  [83].  This  was  interpreted  to  be  the  re¬ 
sult  of  a  change  in  the  topographic  relationships  between  the  ac¬ 
tive  center  and  the  peripheral  anionic  site. 

Cross-linking  of  butyrylcholinesterase  with  dimethylimidates  of 
different  chain  length  showed  that  upon  aging  there  was  no 
change  in  the  quaternary  structure  of  butyrylcholinesterase  or  in 
the  overall  conformation  of  subunits  [26].  However,  enzyme  dena- 
turation  studies  showed  that  the  conformational  stability  of  aged 
cholinesterase  is  dramatically  increased  compared  to  non-inhib- 
ited  and  non-aged  enzymes  [84-87].  See  Fig.  9. 

Neutron  scattering  studies  as  a  function  of  temperature  up  to 
90  °C  showed  that  the  increase  in  stability  of  aged  butyrylcholin¬ 
esterase  correlated  to  decrease  in  molecular  flexibility  [88].  Forma¬ 
tion  of  a  salt  bridge  and  partial  dehydration  of  the  active  site  gorge 
upon  dealkylation  may  explain  the  stability  and  molecular  dy¬ 
namic  changes  of  aged  butyrylcholinesterase. 


0 - -  8M  urea 


Fig.  9.  Soman-inhibited  butyrylcholinesterase  tetramer  is  resistant  to  unfolding.  A 
mixture  of  native  unlabeled  butyrylcholinesterase,  non-aged  soman-butyrylcho- 
linesterase,  and  aged  soman-butyrylcholinesterase,  0.5  mg  butyrylcholinesterase 
protein  total,  was  layered  on  a  polyacrylamide  gel  containing  a  0-8  M  transverse 
gradient  of  urea.  After  electrophoresis  the  gel  was  stained  with  Coomassie  blue. 
Three  well-separated  curves  of  butyrylcholinesterase  protein  are  seen.  (1)  Not 
labeled  butyrylcholinesterase  tetramer  swells  into  an  unfolded  structure  as  the  urea 
concentration  increases  from  0  to  8  M.  The  unfolded  butyrylcholinesterase  migrates 
more  slowly  through  the  gel.  The  urea  concentration  at  the  mid-point  for  unfolding 
is  3.5  M.  (2)  Non-aged  soman-phosphylated  butyrylcholinesterase  begins  to  unfold 
at  a  higher  urea  concentration.  (3)  Aged  soman-butyrylcholinesterase  retains  its 
folded  structure  up  to  4  M  urea  and  has  a  mid-point  for  unfolding  at  6  M  urea.  N 
indicates  the  migration  of  normal  folded  tetrameric  butyrylcholinesterase  in  the 
absence  of  urea.  U  indicates  migration  of  unfolded  butyrylcholinesterase  in  8  M 
urea.  The  direction  of  migration  is  from  minus  (-)  to  plus  (+). 


Resistance  to  oxime  reactivation  of  aged  cholinesterases 

Shortly  after  the  discovery  of  aging,  Hobbiger  suggested  that  a 
new  bond  was  formed  between  aged  adduct  and  the  active  center, 
thus  preventing  reactivation  [89].  It  was  proposed  that  the  pres¬ 
ence  of  the  negatively  charged  oxygen  in  the  adducted  phosphorus 
atom  formed  an  electrostatic  shield  opposing  nucleophilic  attack 
by  negatively  charged  oximates  [90].  In  fact,  studies  of  reactions 
between  different  acylmethylphosphonates  and  neutral  or  nega¬ 
tively  charged  nucleophiles  showed  that  the  presence  of  a  negative 
charge  slows  down  the  rate  of  nucleophilic  displacement  at  phos¬ 
phorus  due  to  the  electrostatic  effect,  but  does  not  prevent  reaction 
between  compounds  [91-93].  Conformational  rigidity  of  the  aged 
enzymes  cannot  explain  by  itself  the  loss  of  reactivation.  Moreover, 
the  crystal  structure  of  soman-aged  acetylcholinesterase,  com¬ 
pared  to  native  or  non-aged  acetylcholinesterase,  revealed  only  a 
slight  displacement  of  the  catalytic  histidine  upon  formation  of  a 
salt  bridge  at  the  bottom  of  the  gorge  [78].  An  explanation  for 
the  resistance  to  reactivation  was  provided  by  the  crystal  structure 
of  the  complex  of  soman-aged  acetylcholinesterase  and  2-PAM. 
The  oximate  function  of  2-PAM  points  away  from  the  phosphorus 
atom,  in  an  orientation  that  does  not  permit  nucleophilic  attack  on 
the  phosphorus  atom.  This  provides  a  new  explanation  for  the  fail¬ 
ure  of  2-PAM  to  reactivate  aged  soman-acetylcholinesterase. 

In  the  case  of  aged  phosphoramidate-inhibited  cholinesterase, 
resistance  to  reactivators  results  from  the  conjunction  of  steric  fac¬ 
tors  imposed  by  the  salt  bridge,  and  electron  delocalization  along 
the  P-N-R  chain  due  to  the  nitrogen  doublet  [70,94]. 

Perspectives 

Modulation  of  aging  velocity 

Because  reactivation  of  aged  cholinesterase  is  not  yet  possible, 
medical  counter-measures  could  be  improved  by  using  drugs  capa¬ 
ble  of  slowing  the  aging  process.  The  D70G  mutation  on  the 
peripheral  anionic  site  of  human  butyrylcholinesterase  was  found 
to  slow  the  aging  process,  and  molecular  dynamic  simulations 
indicated  that  the  peripheral  anionic  site  and  the  catalytic  binding 
site  are  coupled  via  conformational  change  of  the  omega  loop  that 
connects  both  sites  [95].  Therefore,  occupation  of  the  peripheral 
anionic  site  may  affect  the  rate  of  aging  by  altering  interactions  be¬ 
tween  the  adduct  and  the  active  center  residues.  In  fact,  the  effects 
of  several  peripheral  anionic  site  ligands  of  acetylcholinesterase, 
i.e.,  bispyridinium  compounds  like  SAD-128,  HH54  [96-98],  and 
gallamine  [99],  acting  as  allosteric  effectors  have  been  investi¬ 
gated.  Other  ligands  have  been  found  to  slow  down  the  aging  of 
phosphylated  cholinesterases,  e.g.,  ketamine  [100]  and  tacrine 
[101].  None  of  these  compounds  was  found  to  be  of  practical  inter¬ 
est  for  slowing  down  aging  in  vivo  in  association  with  other  med¬ 
ical  counter-measures.  However,  new  generations  of  peripheral 
anionic  site  and  bifunctional  ligands  are  emerging.  Screening  of  li¬ 
braries  of  tethered  ligands  and  cyclic  peptides  [102],  and  bifunc¬ 
tional  ligands  produced  by  click  chemistry  [103]  may  be  a 
strategy  for  discovery  of  such  compounds.  Alternatively,  a  com¬ 
puter-aided  approach  based  on  flexible  docking  in  the  crystal 
structure  of  cholinesterase  appears  to  be  a  very  promising  strategy 
[104]. 

Is  reactivation  of  aged  cholinesterase  possible? 

Reactivation  of  aged  cholinesterase  is  a  challenge.  Solving  this 
major  issue  would  greatly  improve  medical  counter-measures,  in 
particular  against  acute  poisoning  by  soman.  Direct  reactivation 
of  aged  conjugates  using  oximes  has  not  been  possible  so  far.  Yet 
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hundreds  of  oximes  have  been  synthesized.  However,  most  oximes 
have  been  designed  without  knowledge  of  the  three-dimensional 
structure  and  molecular  dynamics  of  phosphylated  enzymes.  Very 
few  structures  of  complexes  between  oximes  and  phosphylated 
cholinesterase  have  been  reported  so  far.  The  three-dimensional 
structure  of  complexes  such  as  that  of  the  non-aged  tabun-acetyl- 
cholinesterase  conjugate  with  the  oxime  H16-7  explains  why  reac¬ 
tivation  of  cholinesterase  inhibited  by  tabun  is  so  difficult  [105]. 
Recent  work  of  Sanson  et  al.  [78]  provides  a  rationale  to  under¬ 
stand  why  non-aged  soman-acetylcholinesterase  is  not  reactivat- 
able  by  2-PAM,  and  why  2-PAM  cannot  reactivate  the  aged 
enzyme.  Therefore,  lessons  from  crystallography  and  molecular 
dynamics  are  expected  to  provide  information  for  improving  the 
orientation  of  the  oxime  function  for  effective  attack  on  phospho¬ 
rus.  In  silico  design  of  new  oximes,  as  well  as  other  chemical 
strategies  mentioned  above,  including  click  chemistry  and  combi¬ 
national  chemistry,  should  lead  to  a  new  generation  of  reactivators. 
Another  strategy  would  be  to  realkylate  the  aged  adduct  by  using 
an  electrophilic  molecule,  and  then  to  displace  the  phosphotriester 
by  a  nucleophilic  compound. 

Aging-resistant  cholinesterase  mutants  as  potential  pseudo-catalytic 
bioscavengers 

Bioscavengers  are  proteins  that  neutralize  nerve  agents  before 
they  damage  the  nervous  system.  Bioscavenger-based  cholinester¬ 
ase  is  an  alternative  to  prophylaxis  against  organophosphate  poi¬ 
soning  [1],  and  administration  of  bioscavengers  may  improve 
efficacy  of  treatment  of  acute  nerve  agent  poisoning.  However, 
cholinesterases  act  as  stoichiometric  scavengers,  so  that  efficacy 
of  cholinesterase  in  OP  poisoned  humans  needs  administration  of 
200-300  mg  of  costly  enzymes.  Efforts  to  convert  cholinesterases 
into  efficient  catalytic  bioscavengers  have  not  been  successful  so 
far  [106].  Thus,  selected  mutants  of  cholinesterase  non-susceptible 
to  aging,  i.e.,  reactivatable,  could  be  used  in  association  with  oxi¬ 
mes  as  pseudo-catalytic  bioscavengers.  Several  attempts  have  been 
made  [107-109],  and  this  approach  looks  promising. 

Butyrylcholinesterase  as  a  bioscavenger  for  protection  against  OP 

OP  poisoning  is  a  major  public-health  concern.  According  to  the 
World  Health  Organization,  OP  self-poisoning  is  responsible  for 
200,000  deaths  a  year  in  the  world  [110].  Though  188  countries 
are  now  part  of  the  Chemical  Weapons  Convention,  OP  nerve 
agents  still  represent  military  and  terrorist  threats.  The  pharmaco¬ 
logical  approach  for  prophylaxis  and  treatment  of  OP  poisoning  has 
reached  its  limit  [55,111-115].  Thus,  alternative  approaches  have 
been  considered.  In  particular,  acute  toxicity  of  OP  can  be  coun¬ 
tered  by  lowering  OP  concentration  in  the  blood  compartment. 
This  prevents  the  transfer  of  OP  molecules  to  physiological  targets. 
The  bioscavenger  approach  is  based  on  the  concept  of  inactivation 
of  OP  molecules  in  the  blood  stream  before  they  reach  their  central 
and  peripheral  neuronal  and  neuromuscular  targets.  The  impor¬ 
tance  of  endogenous  esterases  in  inactivation  of  poisonous  esters 
has  been  recognized.  Multiple  cellular  and  plasma  enzymes  consti¬ 
tute  barriers  that  play  a  role  in  natural  defenses  against  toxicants. 
The  presence  of  OP  detoxifying  enzymes  in  skin  contributes  to 
reduction  of  the  amount  of  OP  that  penetrates  into  the  body 
[116].  Tissue  carboxylesterases  react  with  OP,  and  participate  in 
protection  [58,117].  Certain  secondary  targets  of  OP  also  play  a 
detoxifying  role  [118-120].  Finally,  blood  esterases  significantly 
contribute  to  detoxication  of  OP  molecules.  Unlike  plasma  of  most 
mammalians,  there  are  no  carboxylesterases  in  human  plasma 
[121].  However,  human  plasma  contains  two  enzymes  capable  of 
degrading  poisonous  esters:  paraoxonase  (PONl;  EC  3. 1.8.1)  that 
displays  arylesterase,  lactonase  and  phosphotriesterase  activities. 


and  butyrylcholinesterase  that  hydrolyzes  numerous  poisonous  es¬ 
ters  and  reacts  stoichiometrically  with  OP.  The  concentration  of 
paraoxonase  in  human  serum  is  500  nM,  and  its  catalytic  efficiency 
with  OP  is  about  10^  min“\  Albumin  reacts  with  OP,  but  its 
reactivity  is  very  slow  compared  to  that  of  butyrylcholinesterase 
[122].  Though  the  concentration  of  butyrylcholinesterase  in  human 
serum  is  about  50  nM,  its  apparent  second-order  rate  constant 
with  OP  is  high  ?^1 0^-10®  M“^  min“\  Thus,  butyrylcholinesterase 
is  the  most  significant  stoichiometric  OP  scavenger  in  human 
plasma. 

In  the  past  decade,  fast  inactivation  of  OP  in  blood  by  pretreat¬ 
ment  of  animals  with  pure  human  butyrylcholinesterase  has  pro¬ 
ven  to  be  safe  and  efficient  for  protection  against  nerve  agents 
[1].  In  2006,  plasma-derived  human  butyrylcholinesterase  was 
registered  as  an  Investigational  New  Drug  by  the  FDA  [123,124]. 
In  2009  a  phase  1  clinical  trial  on  healthy  volunteers  (NCT 
00333528)  was  completed  by  Baxter  Healthcare  Corporation  and 
butyrylcholinesterase  became  the  first  stoichiometric  bioscavenger 
for  prophylaxis  of  organophosphorus  poisoning.  It  is  estimated  that 
protection  from  a  dose  of  nerve  agent  lethal  to  50%  of  the  popula¬ 
tion  requires  200-300  mg  of  butyrylcholinesterase  per  adult.  Mul¬ 
tiple  200-300  mg  of  butyrylcholinesterase  are  needed  for  human 
protection  against  higher  doses  of  nerve  agents  [125].  Natural  tet- 
rameric  butyrylcholinesterase  purified  from  human  plasma  [21] 
and  recombinant  human  butyrylcholinesterase  (Protexia™)  from 
the  milk  of  transgenic  goat  [126,127]  are  costly  GMP-produced  en¬ 
zymes.  Thus,  it  is  important  to  develop  new  therapeutics  that 
catalyze  the  destruction  of  OP.  New  mutants  of  human  butyrylch¬ 
olinesterase,  paraoxonase,  or  phospholipase  A2  [59]  capable  of 
degrading  OP  with  a  high  turnover,  would  greatly  reduce  the  cost 
of  treatment  and  improve  the  bioscavenger  approach  against  OP. 

Conversion  of  butyrylcholinesterase  into  an  OP -hydrolyzing  enzyme 

OP  are  hemi-substrates  of  butyrylcholinesterase  and  acetylcho¬ 
linesterase.  When  butyrylcholinesterase  reacts  with  carboxyl-es¬ 
ters,  the  acyl  group  is  rapidly  displaced  from  the  planar  acyl- 
enzyme  intermediate  by  a  water  molecule.  In  contrast,  the  reaction 
with  phosphyl-esters  yields  a  stable  tetrahedral  adduct  that  re¬ 
stricts  accessibility  of  water  to  the  phosphorus  atom  and  impairs 
proton  transfer  from  the  protonated  catalytic  histidine  (H438)  to 
the  substrate  [77].  Thus,  spontaneous  hydrolysis  of  phosphylated 
enzyme  is  very  slow  or  even  impossible.  Jarv  postulated  that  intro¬ 
duction  of  a  second  nucleophile  in  the  active  center  could  activate 
a  water  molecule.  This  water  molecule  could  then  attack  the  phos¬ 
phorus  atom  on  the  back  face,  causing  the  P-serine  bond  to  break 
[128].  Resolution  of  the  three-dimensional  structure  of  Torpedo 
californica  acetylcholinesterase  [129]  opened  the  way  to  rational 
re-design  of  cholinesterases  to  make  enzymes  capable  of  hydrolyz¬ 
ing  OP.  Human  butyrylcholinesterase  was  selected  because  its  ac¬ 
tive  center  is  larger  (500  A^)  than  that  of  acetylcholinesterase 
(300  A^)  and  it  is  less  stereospecific.  A  molecular  model  of  human 
butyrylcholinesterase  based  on  the  crystal  structure  of  Torpedo 
acetylcholinesterase  was  made  for  the  design  of  butyrylcholinest¬ 
erase  mutants.  The  second  nucleophile  was  created  in  the  oxyan- 
ion  hole  where  a  glycine  residue  was  replaced  by  a  histidine.  The 
first  mutant,  G117H,  was  capable  of  hydrolyzing  paraoxon,  DFP, 
sarin,  echothiophate  and  VX  at  a  slow  rate  [130,131  ].  Interestingly, 
the  mutation  G117H  is  in  a  position  homologous  to  that  of  the 
carboxylesterase  mutant,  G137D,  from  a  blowfly  {Lucilia  cuprina) 
resistant  to  OP.  Though  the  OP  hydrolase  activity  of  the  G137D 
carboxylesterase  is  very  low,  it  is  balanced  by  the  abundance  of 
the  enzyme  in  insect  organs  [132].  The  X-ray  structure  of  the  carb¬ 
oxylesterase  has  recently  been  solved  to  2.5  A  resolution  [133].  The 
G117H  mutant  of  butyrylcholinesterase,  did  not  self-reactivate 
with  soman  because  dealkylation  of  adduct  (aging)  was  faster  than 
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dephosphonylation.  Therefore,  a  second  mutation  was  made  on  the 
glutamate  residue  important  for  the  aging  reaction:  Glul97Gln.  As 
expected,  the  double  mutant  G117H/E197Q.was  capable  of  hydro¬ 
lyzing  soman  because  the  rate  of  aging  was  considerably  reduced 
[134].  However,  the  catalytic  activity  of  this  double  mutant  was 
too  slow  to  be  of  pharmacological  interest. 

More  than  60  double  and  triple  mutants  of  human  butyrylcho- 
linesterase  with  mutated  Glyll7  [135]  and  mutants  of  human  ace¬ 
tylcholinesterase  and  Bungarus  fasciatus  acetylcholinesterase  were 
made,  using  the  same  rationale  [136].  Unfortunately,  none  of  the 
mutated  cholinesterases  was  more  active  than  the  first  mutant, 
G117H.  For  a  review  see  [106]. 

Strategies  for  designing  new  OP  scavengers 

Enzymes  that  hydrolyze  or  oxidize  OP  are  of  potential  interest 
for  detection,  decontamination,  protection  and  treatment  of  OP 
poisoning  [137-139].  Among  them,  phosphotriesterases  from  bac¬ 
teria  (OP  hydrolase),  squid  (DFPase)  and  human  plasma  (paraoxon- 
ase)  are  the  most  promising,  but  they  are  enantioselective,  and 
pose  immunological  and  pharmacotechnological  problems.  Be¬ 
cause  of  the  large  variety  of  OP  molecules  and  enantiomeric  pref¬ 
erence  of  cholinesterases  and  OP  hydrolases,  it  will  be  impossible 
to  make  a  universal  mutant  for  protection  against  all  OP.  Rather, 
multiple  mutated  OP-degrading  enzymes,  differing  in  specificity, 
should  be  combined  to  make  effective  catalytic  bioscavengers  for 
prophylaxis  and  treatment  of  acute  OP  poisoning.  Mixtures  of 
effective  enzymes  against  a  large  spectrum  of  OP  could  also  be 
incorporated  into  active  topical  skin  protectants,  decontamination 
solutions  and  other  protection  equipment. 

The  considerable  body  of  data  obtained  with  human  butyrylch- 
olinesterase  as  the  first  bioscavenger,  encourages  further  research 
for  designing  butyrylcholinesterase  mutants  capable  of  degrading 
nerve  agents  and  pesticides  [106].  However,  new  strategies  for 
designing  these  enzymes  have  to  be  implemented.  Computational 
design  of  mutants  also  called  “intelligent”  site-directed  mutagene¬ 
sis  is  the  most  promising  strategy.  Directed  evolution  of  butyrylch¬ 
olinesterase  could  be  an  alternative  to  computer-based  methods.  A 
recent  study  on  the  blowfly  carboxylesterase  mutant  G137D 
showed  that  directed  evolution  of  this  enzyme  led  to  400-fold  in¬ 
crease  in  OP  hydrolase  activity  in  3  generations  [133].  The  draw¬ 
back  of  directed  evolution  is  that  it  requires  expression  in 
bacteria  or  yeast.  However,  expression  of  functional  cholinesteras¬ 
es  is  difficult  in  yeast  and  has  failed  in  bacteria  so  far.  Such  ap¬ 
proaches  in  combination  with  chemical  modifications  and 
medium  manipulations  have  been  successfully  used  to  improve 
properties  of  selected  enzymes  [140]. 

Basic  requirements  for  operational  butyrylcholinesterase-based 
catalytic  bioscavengers 

The  concentration  of  toxic  OP  molecules  in  blood,  [OP],  even  in 
the  most  severe  cases  of  poisoning,  is  always  very  low  (<11  nM), 
well  below  the  of  OP-hydrolyzing  enzymes  [141].  Enzyme-cat¬ 
alyzed  hydrolysis  of  OP  in  blood  is  a  pseudo-first-order  process  de¬ 
scribed  by  the  equation  v  =  kcat/f^m  [E]  [OP].  The  product  of  the 
bimolecular  rate  constant  (kcat/f^m)  And  enzyme  active  site  concen¬ 
tration  ([E])  is  the  pseudo-first-order  rate  constant.  Thus,  the  high¬ 
er  the  catalytic  efficiency  (kcat/f^m)*  the  lower  the  dose  of  enzyme 
required  to  clean  the  blood  of  toxic  molecules  in  a  short  time.  Gi¬ 
ven  that  the  molecular  weight  of  butyrylcholinesterase  per  active 
site  is  85,000,  and  taking  the  total  volume  of  plasma  as  3  1  per  per¬ 
son,  it  can  be  calculated  that  an  enzyme  dose  of  4.7  mg  will  reduce 
[OP]  by  100-fold  in  4.6  min  if  kcat/f^m=  10^  min“\  A  dose  of 
47  mg  enzyme  will  be  needed  if  kcat/f^m  is  10  times  lower.  There¬ 
fore,  the  catalytic  efficiency  of  operational  mutants  of  butyrylcho¬ 


linesterase  needs  to  be  increased  by  3-4  orders  of  magnitude 
compared  to  the  catalytic  efficiency  of  G117H  towards  OP 
[130,136].  The  success  of  strategies  to  increase  the  cocaine  hydro¬ 
lase  activity  of  butyrylcholinesterase  suggests  that  a  butyrylcholin¬ 
esterase  mutant  with  improved  OP  hydrolase  activity  may  be 
achieved. 

Lessons  from  mutagenesis  of  butyrylcholinesterase  as  an  efficient 
cocaine  esterase 

Plasma  butyrylcholinesterase  is  the  major  detoxifying  enzyme 
of  cocaine  in  humans  [142].  However,  wild-type  butyrylcholinest¬ 
erase  slowly  hydrolyzes  (-)-cocaine  with  a  kcat/f^m  of  about 
2.8  M  min“\  so  that  under  normal  conditions,  a  large  part  of  an 
administered  dose  of  cocaine  reaches  its  biological  targets  and  trig¬ 
gers  toxic  effects.  Efficient  mutants  of  human  butyrylcholinester¬ 
ase  have  been  made  that  hydrolyze  cocaine  at  a  high  rate.  A  first 
mutation,  A328Y,  enhanced  kcatiKm  4-fold  [143].  See  Table  2.  Then, 
molecular  dynamics  simulation  and  computer-based  ligand  dock¬ 
ing  led  to  the  A328W/Y332A  double  mutant  that  displays  a  higher 
/<cat/f^m  =  8.6  M  min“^  [144].  Using  the  three-dimensional  X-ray 
structure  of  human  butyrylcholinesterase  [81],  molecular  dynamic 
simulations  of  the  deacylation  transition  state  led  to  the  design  of 
highly  active  mutants  against  (-)-cocaine.  A  butyrylcholinesterase 
with  4  mutations  A199S/S287G/A328W/Y332G  had  a  catalytic  effi¬ 
ciency  1500-5000-fold  greater  than  wild-type  butyrylcholinester¬ 
ase  [145,146].  Introduction  of  5  mutations,  A199S/F227A/S287G/ 
A328W/Y332G,  led  to  an  enzyme  6500-fold  more  active  than 
wild-type  butyrylcholinesterase  [147].  Thus,  this  strategy  led  to  a 
progressive  increase  in  /<cai/Rm  for  (-)-cocaine  of  more  than  3  or¬ 
ders  of  magnitude  in  5  steps.  The  most  active  mutant  is  of  thera¬ 
peutic  interest  [148].  Computational  (transition  state  simulations, 
free  energy  barrier  perturbation  simulations)  and  mutagenesis  ap¬ 
proaches  are  expected  to  lead  to  even  more  efficient  mutants 
[149].  Application  of  this  computational  design  approach  on 
dephosphylation  transition  states  should  lead  to  new  mutants  of 
butyrylcholinesterase  displaying  high  OP  hydrolase  activity. 

Lessons  from  self-reactivating  butyrylcholinesterase  inhibited  by  OP 

Though  human  butyrylcholinesterase  is  irreversibly  inhibited 
by  OP,  mouse  butyrylcholinesterase  spontaneously  self-reactivates 
after  inhibition  by  paraoxon,  DFP  or  echothiophate  [121  ].  The  DFP- 
inhibited  mouse  butyrylcholinesterase  reactivated  to  a  lesser  ex¬ 
tent  than  the  echothiophate-inhibited  enzyme,  suggesting  that 
the  fast  aging  of  DFP-inhibited  enzyme  competed  with  self-reacti¬ 
vation.  Other  investigators  have  reported  the  peculiar  behavior  of 
phosphylated  butyrylcholinesterase  from  some  species  (see 
[121]).  An  activity  rebound  of  pig  plasma  butyrylcholinesterase 
after  challenge  of  animals  by  VX  was  attributed  to  release  of  butyr¬ 
ylcholinesterase  to  the  blood  stream  from  organs  [151].  However, 
study  of  highly  purified  pig  butyrylcholinesterase  inhibited  by  VX 


Table  2 

Cocaine  esterase  activity  of  mutants  of  human  butyrylcholinesterase. 


Enzyme 

kcjKm 

Fold- 

Reference 

(M-^  min-^) 

increase 

Wild-type  BChE 

2.8  X  10^ 

1 

[143] 

A328Y 

11.3  X  10^ 

4 

[143] 

A328W/Y332A 

8.6  X  10® 

30 

[144] 

F227A/S287G/A328W/Y332A 

3.1  X  107 

100 

[150] 

A199S/S287G/A328W/Y332G 

4.15  X  10® 

1500 

[145] 

A199S/S287G/A328W/Y332G 

1.35  X  10^ 

5000 

[148] 

A1 99S/F227A/S287G/A328W/ 

1.84  X  10^ 

6500 

[147] 

Y332G 
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showed  full  spontaneous  reactivation  of  the  enzyme  in  less  than 
1  h  (Dorandeu  et  al.,  unpublished  work).  Comparison  of  butyrylch- 
olinesterase  sequences  of  mouse  and  pig  with  other  species,  as 
well  as  molecular  modeling  of  structures  of  pig  and  mouse  butyr- 
ylcholinesterase  (Nachon,  unpublished  works)  did  not  reveal  any 
feature  in  the  active  center  that  could  explain  spontaneous  reacti¬ 
vation  of  phosphylated  enzymes.  The  amino  acid  differences 
responsible  for  spontaneous  reactivation  have  not  yet  been  identi¬ 
fied,  but  it  is  clear  that  they  are  not  within  the  active  site  gorge. 

These  observations,  coming  after  the  success  of  transition  state 
simulations  for  the  re-design  of  butyrylcholinesterase  as  a  cocaine 
esterase,  indicate  that  the  key  is  in  the  molecular  dynamics  of 
these  enzymes.  It  may  be  hypothesized  that  the  “breathing”  of 
self-reactivatable  butyrylcholinesterase  causes  transient  adjust¬ 
ment  of  the  active  site  geometry  with  unmasking  of  nucleophilic 
groups  and  polarization  of  a  water  molecule  that  acts  to  release 
the  OP  from  serine.  The  functional  architecture  of  the  active  center 
and  the  dynamics  of  butyrylcholinesterase  in  action  result  from  a 
delicate  balance  between  numerous  interacting  groups,  suggesting 
that  multiple  mutations  will  be  needed  to  convert  human  butyr¬ 
ylcholinesterase  to  an  efficient  OP  hydrolase. 

Lessons  from  the  G117H  mutant  family 

The  crystal  structure  of  the  Glyll7  His  mutant  of  human  butyr¬ 
ylcholinesterase  [152,153]  indicated  that  Hisll7  is  mobile  enough 
to  adopt  a  favorable  conformation  to  activate  a  vicinal  water  mol¬ 
ecule.  However,  the  main  conformation  adopted  by  Hisll7  in  the 
phosphylated  enzyme  is  not  favorable  for  dephosphylation,  so  that 
an  activated  water  molecule  is  produced  infrequently.  This  ex¬ 
plains  the  low  turnover  with  OP  substrates.  In  addition,  evidence 
was  provided  that  mutations  at  position  Glyll7  cause  dislocation 
and  loss  of  functionality  of  the  oxyanion  hole  toward  carboxyl-es¬ 
ters  and  carboxyl-thioesters  [154].  Molecular  modeling  and  empir¬ 
ical  calculations  on  acetylation  of  the  G117H  mutant  by 
acetylthiocholine  are  in  agreement  with  these  structural  and  ki¬ 
netic  data  [155].  Therefore,  the  nucleophile  needed  for  general 
base  catalysis  of  future  mutants  of  butyrylcholinesterase  will  have 
to  be  introduced  in  a  location  that  does  not  impair  enzyme  func¬ 
tionality.  Re-design  of  the  active  center  pocket  of  butyrylcholinest¬ 
erase  with  creation  of  a  stable  dyad  as  in  Tyrl24His/Tyr72Asp- 
based  new  mutants  of  human  acetylcholinesterase  [106]  may  be 
a  starting  point.  However,  “intelligent  re-design”  of  multiple  muta¬ 
tions  in  butyrylcholinesterase  for  high  OP  hydrolase  activity  will 
need  implementation  of  an  integrated  computational-mutagenesis 
strategy  as  proposed  above. 

New  OP  binding  motif  to  tyrosine  and  lysine  in  proteins  that 
have  no  active  site  serine 

There  is  general  agreement  that  the  acute  toxicity  of  OP  is  due 
to  inhibition  of  acetylcholinesterase.  What  is  not  understood  is 
why  low  doses  cause  chronic  illness  in  some  people.  Symptoms 
of  low  dose  toxicity  include  headache,  memory  loss,  inability  to 
learn,  difficulty  sleeping,  fatigue,  and  muscle  weakness.  Low  dose 
is  defined  as  a  dose  that  causes  no  obvious  signs  of  cholinergic  tox¬ 
icity  and  no  significant  acetylcholinesterase  inhibition.  A  hypothe¬ 
sis  to  explain  low  dose  effects  is  that  non-cholinesterase  targets  are 
modified  by  OP,  and  that  modification  damages  nerve  function. 

A  search  for  additional  OP  targets  was  begun  by  treating  mice 
with  a  biotinylated  OP  [156]  at  a  dose  that  did  not  inhibit  acetyl¬ 
cholinesterase.  The  biotinylated  OP  made  a  covalent  bond  with 
albumin  in  plasma,  muscle,  and  liver.  The  labeled  peptide  and 
the  labeled  amino  acid  were  identified  by  mass  spectrometry.  In 
human  albumin  (accession  #  gi:  12292051 2)  the  OP-labeled  resi¬ 


due  is  Tyr411  [157,158].  When  a  homogenate  of  rat  thymus  was 
treated  with  radiolabeled  DFP,  the  labeled  protein  was  identified 
as  albumin  [159]. 

The  question  we  asked  next,  was  whether  albumin  was  a  spe¬ 
cial  case  or  whether  tyrosine  in  other  proteins  could  also  be  mod¬ 
ified  by  OP.  Almost  every  pure  protein  when  treated  with  a  20-fold 
molar  excess  of  chlorpyrifos  oxon,  dichlorvos,  DFP,  soman,  sarin,  or 
FP-biotin  had  one  or  more  OP-labeled  tyrosines.  In  each  case  we 
isolated  the  labeled  peptide  and  identified  the  labeled  residue  by 
mass  spectrometry.  Tyrosine  was  a  common  motif  for  OP  binding 
in  bovine  tubulin  alpha  (Tyr  83),  bovine  tubulin  beta  (Tyr  59,  Tyr 
159,  Tyr  281),  mouse  transferrin  (Tyr  238,  Tyr  319,  Tyr  429,  Tyr 
491,  Tyr  518),  human  transferrin  (Tyr  238,  Tyr  574),  human  al- 
pha-2-glycoprotein  1  zinc-binding  protein  (Tyr  138,  Tyr  174,  Tyr 
181),  human  kinesin  3C  motor  domain  (Tyr  145),  human  keratin 
1  (Tyr  230),  bovine  actin  Tyr55,  Tyr  200),  murine  ATP  synthase  beta 
(Tyr  431),  murine  adenine  nucleotide  translocase  l(Tyr  81),  bovine 
chymotrypsinogen  (Tyr  201),  and  porcine  pepsin  (Tyr  310)  [160- 
162].  In  addition  we  found  OP  covalently  bound  to  lysine  in  kera¬ 
tin,  albumin,  bovine  tubulin  alpha,  tubulin  beta,  bovine  actin,  and 
mouse  transferrin  [163].  A  review  of  the  102  OP-labeled  tyrosine 
peptides  identified  to  date  by  mass  spectrometry  is  in  [164].  This 
review  notes  that  certain  ion  masses  always  appear  in  the  MS/ 
MS  spectrum  of  an  OP-tyrosine  labeled  peptide  and  that  these 
immonium  ions  can  be  used  to  help  identify  OP-labeled  tyrosine. 

Gaps  in  knowledge  of  proteins  modified  by  low  dose  OP  exposure 

The  studies  with  pure  proteins  suggest  that  the  search  for  OP- 
labeled  proteins  should  be  broadened  to  include  almost  every  pro¬ 
tein  in  the  body.  The  search  is  no  longer  restricted  to  enzymes  with 
an  active  site  serine.  OP-labeled  tubulin  has  been  found  in  the 
brains  of  mice.  Whether  or  not  tubulin  function  is  disrupted  after 
low  dose  OP  treatment  is  not  yet  known.  Tubulin  is  an  abundant 
protein  in  brain,  but  it  is  possible  that  a  protein  in  low  abundance 
could  be  responsible  for  symptoms  of  low  dose  OP  toxicity.  Likely 
candidates  are  enzymes  that  regulate  axonal  transport  in  nerve 
cells,  because  disruption  of  axonal  transport  is  a  common  feature 
of  neurodegenerative  diseases  [165]. 

Methods  for  detection  of  low  dose  exposure  to 
organophosphorus  agents 

Why  measure  low  dose  exposure? 

One  reason  for  measuring  low  dose  exposure  is  to  understand 
why  some  people  become  chronically  ill  from  a  dose  that  has  no 
ill  effects  on  the  majority.  People  with  chemical  sensitivity,  chronic 
fatigue,  toxic  airline  illness  (www.toxicairlines.com),  and  Gulf  War 
Illness  suspect  their  illness  is  due  to  exposure  to  organophospho¬ 
rus  agents  [166-168],  but  this  belief  is  based  on  correlation  rather 
than  direct  laboratory  evidence.  A  method  that  detects  low  dose 
exposure  could  provide  this  missing  evidence.  This  could  lead  to 
an  understanding  of  the  mechanism  of  illness  from  low  doses  of 
organophosphorus  agents. 

Forensic  scientists  could  use  a  low  dose  exposure  assay  to  iden¬ 
tify  persons  who  unlawfully  synthesize  and  distribute  nerve 
agents.  Even  though  these  people  would  have  no  symptoms  of  tox¬ 
icity,  nerve  agent  adducts  in  their  blood  would  provide  absolute 
evidence  that  they  had  been  in  contact  with  nerve  agents.  Workers 
involved  in  destruction  and  transportation  of  nerve  agents  could  be 
tested  for  low  dose  exposure  to  provide  assurance  that  their 
protective  equipment  is  functioning  properly.  In  the  event  of  an 
incident  where  nerve  agent  is  released,  many  people  who  report 
to  emergency  facilities  would  be  the  worried-well  who  need 
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assurance  that  they  have  not  been  exposed.  A  highly  sensitive 
method  that  can  provide  this  assurance  would  calm  the  public. 
Pesticide  applicators,  including  farmers  and  aerial  sprayers,  could 
be  tested  for  low  dose  exposure  to  pesticides.  This  could  protect 
them  from  Parkinson’s  disease  and  depression,  as  these  diseases 
have  been  linked  to  pesticide  exposure  [169,170]. 

Methods  for  measuring  OP  exposure 

1.  Laboratory  tests  for  poisoning  by  nerve  agents  and  pesticides 
measure  the  enzyme  activity  of  acetylcholinesterase  in  red 
blood  cells  and  the  butyrylcholinesterase  in  plasma.  Low  levels 
indicate  poisoning.  The  advantage  of  this  method  is  that  it  is 
simple,  inexpensive,  and  well  established.  However,  activity 
assays  are  not  useful  for  low  dose  exposures  because  normal 
levels  of  activity  have  a  broad  range,  making  it  difficult  to  dis¬ 
tinguish  low  endogenous  levels  from  low  dose  exposure. 
Another  disadvantage  of  this  method  is  that  it  does  not  identify 
the  inhibitor.  Many  chemicals  inhibit  cholinesterases  including 
the  carbamate  pesticide  carbaryl  and  the  Alzheimer  drug 
tacrine. 

2.  Intact  nerve  agent,  nerve  agent  metabolites,  pesticides,  and  pes¬ 
ticide  metabolites  in  air,  water,  soil,  fabric  and  urine  can  be 
extracted  and  identified  by  gas  chromatography/mass  spec¬ 
trometry  and  liquid  chromatography  tandem  mass  spectrome¬ 
try  [171-173].  These  methods  identify  the  agent  based  on  its 
mass  and  fragmentation  pattern.  The  results  leave  no  doubt  as 
to  the  identity  of  the  agent.  Analysis  of  metabolites  by  gas  chro¬ 
matography  has  the  drawback  that  several  agents  can  yield 
identical  metabolites,  and  most  metabolites  must  be  deriva- 
tized,  thus  adding  an  extra  step  to  sample  preparation.  Identifi¬ 
cation  of  metabolites  in  urine  does  not  allow  one  to  know 
whether  exposure  was  to  the  active  agent  or  to  breakdown 
products. 

3.  Organophosphorus  agents  bound  to  the  active  site  serine  of 
butyrylcholinesterase  or  acetylcholinesterase  can  be  regener¬ 
ated  by  treatment  of  blood  with  potassium  fiuoride.  The  freed 
agent  is  extracted  and  identified  by  gas  chromatography/mass 
spectrometry  [174,175].  The  identification  is  highly  reliable. 
The  drawback  of  this  method  is  that  nerve  agent  or  pesticide 
that  has  lost  an  alkyl  group  in  the  process  called  “aging”,  cannot 
be  regenerated.  This  means  soman  and  other  aged  OP  will  give  a 
negative  result,  indicating  no  exposure.  Most  pesticides  yield 
identical  dimethyl  or  diethylphosphate  adducts  of  butyrylcho¬ 
linesterase  and  acetylcholinesterase,  so  that  identification  of 
the  pesticide  is  incomplete. 

4.  Electrospray  mass  spectrometry  identifies  adducts  on  the  active 
site  serine  198  of  human  butyrylcholinesterase.  The  butyrylch¬ 
olinesterase  is  first  purified  from  0.5  to  1  ml  plasma  and  then 
digested  with  trypsin  or  pepsin  [68,176].  HPLC  followed  by 
mass  spectrometry  yields  the  mass  of  the  poison.  The  advantage 
of  this  method  is  that  it  gives  a  positive  result  for  “aged” 
adducts.  The  limitation  is  that  most  pesticides  yield  identical 
adducts  on  butyrylcholinesterase,  so  that  one  can  confirm  expo¬ 
sure  but  not  identify  the  poison.  For  example,  chlorpyrifos  oxon 
and  paraoxon  both  yield  diethylphosphate  adducts  with  an 
added  mass  of  +136,  while  dichlorvos  and  malaoxon  both  yield 
dimethyl  phosphate  adducts  with  an  added  mass  of  +108. 

5.  Electrospray  mass  spectrometry  can  also  be  used  to  detect  orga¬ 
nophosphorus  adducts  on  tyrosine  411  of  human  albumin 
[177].  The  advantage  of  analyzing  adducts  on  albumin  is  that 
organophosphorus  labeled  tyrosine  does  not  age  [178,179]. 
Therefore  soman  exposure  can  be  distinguished  from  sarin 
exposure.  The  disadvantage  of  analyzing  tyrosine  adducts  is 
that  the  percent  labeling  on  albumin  is  low.  Plasma  from  a 
patient  poisoned  with  dichlorvos  has  been  found  to  contain 


dichlorvos-labeled  albumin  by  this  method  (unpublished).  Gui¬ 
nea  pigs  poisoned  with  soman  and  tabun  have  OP-labeled  albu¬ 
min  [178].  However,  humans  poisoned  with  OP  other  than 
dichlorvos  have  not  yet  been  demonstrated  to  have  OP-labeled 
albumin. 

6.  Mass  spectrometers  equipped  with  a  source  that  requires  no 
sample  preparation  are  being  evaluated  but  are  not  yet  in  rou¬ 
tine  use.  The  DESl  source  electrosprays  boric  acid  solution  onto 
a  Tefion  surface  on  which  OP  hydrolysate  has  been  deposited 
[180].  The  ions  are  analyzed  in  an  LTQmass  spectrometer. 

7.  A  drawback  of  mass  spectrometry  methods  is  that  mass  spec¬ 
trometers  are  very  expensive  and  require  highly  trained  person¬ 
nel  to  run  them.  Portable  mass  spectrometers  are  used  by  the 
military  but  they  give  a  high  rate  of  false  positives  [181]. 

8.  An  ELISA  kit  that  uses  a  polyclonal  antibody  to  detect  chlorpyri¬ 
fos  in  river  and  lake  water  is  available  from  Strategic  Diagnos¬ 
tics  Inc,  Newark,  DE  (catalog  #  7250000).  The  limit  of 
detection  is  in  the  nanomolar  range.  ELISA  kits  for  detection 
of  diazinon  and  carbofuran  are  also  available.  Analysis  of  envi¬ 
ronmental  samples  by  commercial  ELISA  kits  is  less  costly  and 
labor  intensive  than  analysis  by  gas  or  liquid  chromatography. 
ELISA  kit  results  tend  to  overestimate  pesticide  levels  [182]. 

Gaps  in  knowledge  on  how  to  detect  low  dose  exposure 

Antibodies  that  recognize  OP-modified  proteins  in  human  fiuids 
(plasma,  saliva,  and  urine)  are  not  yet  available.  Several  laborato¬ 
ries  are  developing  antibody-based  detection  devices  using  Quan¬ 
tum  dots  [183],  an  array  biosensor  [184],  and  a  fiuorogenic  sensor 
(Ateris  Technologies,  Missoula,  MT)  but  no  antibody  has  as  yet 
been  made  with  adequate  binding  affinity  and  specificity  to  serve 
in  these  devices.  It  is  anticipated  that  a  hand  held  device,  and  pos¬ 
sibly  even  a  dip-stick  type  of  assay,  will  become  available  in  the  fu¬ 
ture  after  suitable  antibodies  have  been  created. 

Conclusion 

Human  butyrylcholinesterase  is  highly  effective  for  preventing 
the  toxicity  of  nerve  agents  and  OP  pesticides.  Its  limitation  is  that 
one  molecule  of  butyrylcholinesterase  can  inactivate  only  one  mol¬ 
ecule  of  OP.  A  more  cost  effective  therapeutic  would  rapidly  de¬ 
stroy  many  OP  molecules.  Such  a  therapeutic  has  not  yet  been 
made,  though  several  laboratories  are  designing  mutant  proteins 
with  OP  hydrolase  activity.  The  low  dose  toxicity  of  OP  is  not  due 
to  inhibition  of  cholinesterases,  but  may  involve  modification  of 
proteins  that  have  no  active  site  serine. 
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Wild-type  human  butyrylcholinesterase  (BuChE)  has  proven  to  be  an  efficient  bioscav¬ 
enger  for  protection  against  nerve  agent  toxicity.  Human  acetylcholinesterase  (AChE)  has  a 
similar  potential.  A  limitation  to  their  usefulness  is  that  both  cholinesterases  (ChEs)  react 
stoichiometrically  with  organophosphosphorus  (OP)  esters.  Because  OPs  can  be  regarded 
as  pseudo-substrates  for  which  the  dephosphylation  rate  constant  is  almost  zero,  several 
strategies  have  been  attempted  to  promote  the  dephosphylation  reaction.  Oxime-mediated 
reactivation  of  phosphylated  ChEs  generates  a  turnover,  but  it  is  too  slow  to  make  pseudo- 
catalytic  scavengers  of  pharmacological  interest.  Alternatively,  it  was  hypothesized  that 
ChEs  could  be  converted  into  OP  hydrolases  by  using  rational  site-directed  mutagenesis 
based  upon  the  crystal  structure  of  ChEs.  The  idea  was  to  introduce  a  nucleophile  into 
the  oxyanion  hole,  at  an  appropriate  position  to  promote  hydrolysis  of  the  phospho-serine 
bond  via  a  base  catalysis  mechanism.  Such  mutants,  if  they  showed  the  desired  catalytic 
and  pharmacokinetic  properties,  could  be  used  as  catalytic  scavengers. 

The  first  mutant  of  human  BuChE  that  was  capable  of  hydrolyzing  OPs  was  G117H.  It  had  a 
slow  rate.  Crystallographic  study  of  the  G117H  mutant  showed  that  hydrolysis  likely  occurs 
by  activation  of  a  water  molecule  rather  than  direct  nucleophilic  attack  by  H117.  Numerous 
BuChE  mutants  were  made  later,  but  none  of  them  was  better  than  the  G117H  mutant  at 
hydrolyzing  OPs,  with  the  exception  of  soman.  Soman  aged  too  rapidly  to  be  hydrolyzed 
by  G117H.  Hydrolysis  was  however  accomplished  with  the  double  mutant  G117H/E197Q, 
which  did  not  age  after  phosphonylation  with  soman. 

Multiple  mutations  in  the  active  center  of  human  and  Bungarus  AChE  led  to  enzymes 
displaying  low  catalytic  activity  towards  OPs  and  unwanted  kinetic  complexities.  A  new 
generation  of  human  AChE  mutants  has  been  designed  with  the  assistance  of  molecular 
modelling  and  computational  methods.  According  to  the  putative  water-activation  mecha¬ 
nism  of  G117H  BChE,  a  new  histidine/aspartate  dyad  was  introduced  into  the  active  center 
of  human  AChE  at  the  optimum  location  for  hydrolysis  of  the  OP  adduct.  Additional  muta¬ 
tions  were  made  for  optimizing  activity  of  the  new  dyad.  It  is  anticipated  that  these  new 
mutants  will  have  OP  hydrolase  activity. 
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1.  Introduction 

Organophosphorus  (OP)  compounds  are  among  the 
most  toxic  compounds  synthesized.  They  have  been  used 
as  pesticides  and  drugs  for  several  decades.  Certain  of  them 
are  dangerous  nerve  agents  [1,2].  For  example,  based  on 
animal  data  the  calculated  lethal  dose  of  VX,  the  most  toxic 
nerve  agent,  is  0.3  mg  (inhalation  route)  and  5  mg  (per¬ 
cutaneous  absorption)  in  humans.  After  rapid  absorption 
mostly  through  skin  and/or  lungs,  OPs  distribute  from  the 
blood  compartment  into  biological  targets,  tissue  depot 
sites  and  sites  of  elimination.  OPs  are  irreversible  inhibitors 
of  acetylcholinesterase  (EC.  3.1.1.7;  AChE)  and  butyryl- 
cholinesterase  (EC.  3.1.1.8;  BuChE).  Inhibition  of  AChE  is 
responsible  for  acute  toxicity  [3,4].  However,  OPs  interact 
with  numerous  biological  systems,  and  reactions  with  sec¬ 
ondary  targets  are  responsible  for  non-cholinergic  and/or 
delayed  toxicity  [5]. 

After  some  60  years  of  research,  medical  countermea¬ 
sures  against  OP  poisoning  are  reaching  their  optimum 
[6-8].  Yet  they  are  still  imperfect.  They  prevent  lethal¬ 
ity,  but  not  incapacitation  and  irreversible  brain  damage. 
It  is  unlikely  that  more  potent  and  universal  drugs  and 
antidotes  devoid  of  side  effects  will  be  discovered  in  the 
near  future.  Therefore,  bioscavengers  represent  an  alterna¬ 
tive  approach  to  pharmacological  pre-  and  post-exposure 
treatments.  Scavengers  can  be  antibodies,  chemicals,  e.g. 
functionalized  cyclodextrins,  and  enzymes  that  sequester 
and  inactivate  highly  toxic  compounds  before  they  reach 
their  biological  targets. 

The  bioscavenger  concept  for  challenging  OPs  origi¬ 
nated  with  the  observation  by  Main  [9]  that  “A  esterase” 
(an  old  name  for  PON  1),  injected  i.v.  into  rats,  “signif¬ 
icantly  reduced  the  i.v.  toxicity  of  paraoxon”.  Because  of 
concern  that  soman  intoxication  was  resistant  to  conven¬ 
tional  treatment,  a  search  for  catalytic  soman  scavengers 
was  begun  that  extended  over  the  course  of  several 
years.  “DFPases”  (a  general  designation  for  any  enzyme 
that  would  catalyse  the  hydrolysis  of  organophospho¬ 
rus  cholinesterase  inhibitors)  from  a  variety  of  sources 
were  discovered  [10-12]  and  some  of  them  tested 
[13-16],  but  practical  considerations  dictated  that  human 
enzymes  would  be  most  suitable  for  use  as  scavengers 
in  humans.  Subsequent  studies  including  active  immu¬ 
nization  and  passive  immunization  with  monoclonal 
antibodies,  revealed  that  antibodies,  by  their  nature,  bind 
their  substrates  without  changing  them  and  thus  might 
bind  an  OP  and  take  it  out  of  circulation  temporarily  but 
eventually  will  release  it  to  exercise  its  toxicity  [17,18].  At 
that  point  it  was  realized  that  catalytic  activity  was  not 
needed;  a  stoichiometric  scavenger  could  protect  an  ani¬ 
mal  if  present  in  a  high  enough  concentration.  The  problem 
was  to  obtain  a  relatively  large  amount  of  an  enzyme  that 
would  react  with  an  OP  rapidly  and  irreversibly  and  would 
be  innocuous  in  the  circulation  at  artificially  high  concen¬ 
trations.  This  challenge  was  met  initially  by  Alan  Wolfe, 
who  isolated  enough  AChE  from  foetal  bovine  serum  to 
attempt  a  test  in  mice,  using  VX  for  the  challenge.  Indeed, 
administration  of  foetal  bovine  serum  AChE  to  mice  pro¬ 
vided  protection  against  nerve  agent  poisoning.  It  was 
concluded  that  highly  toxic  OPs  could  be  sequestered  in 


vivo,  thus  providing  a  new  approach  to  treatment  of  OP 
intoxication  [19].  Numerous  enzymes  have  been  found  to 
react  with  OPs  [5].  OPs  are  either  irreversible  inhibitors  or 
substrates  of  these  enzymes.  Skin  and  plasma  BuChE,  ery¬ 
throcyte  AChE  and  liver  carboxylesterases  are  endogenous 
stoichiometric  bioscavengers.  Plasma  PONl  hydrolyzes 
OPs,  liver  glutathione  S-transferase  and  cytochrome  P450 
(CYP2P)  oxidize  OP  side-chains.  Though  albumin,  the  most 
abundant  plasma  protein  (0.6  mM),  reacts  with  OPs,  its 
reactivity  is  too  slow  to  contribute  significantly  to  detox¬ 
ification  of  these  compounds  in  acute  poisoning  [20]. 
Recent  reviews  on  the  bioscavenger  approach  for  protection 
against  organophosphorus  exposure  are  available  [21-24]. 

2.  Stoichiometric  scavengers  versus  catalytic 
scavengers 

An  effective  bioscavenger  detoxifies  OP  molecules  in  the 
blood  compartment  before  they  reach  their  biological  tar¬ 
gets.  Four  overall  constants  control  the  concentration  of  OP 
in  blood  (Fig.  1 ):  the  overall  infusion  or  feeding  constant  of 
OP  molecules  across  the  skin  (or  other  routes,  e.g.  lungs, 
stomach)  toward  the  circulation  system  (/<on),  the  diffu¬ 
sion  constant  from  blood  toward  biological  targets  (/<off)» 
the  inactivation  constant  of  reactive  enzymes  present  in 
the  blood  (k-op),  and  the  clearance  constant  (kc)  of  these 
enzymes.  Efficient  detoxification  by  bioscavengers  requires 
that  k_op  to  be  as  high  as  possible.  In  addition,  k_op  has  to 
be  much  higher  than  koff,  and  kc  must  be  very  slow. 

There  are  two  types  of  scavenger  to  consider.  There  are 
stoichiometric  scavengers,  which  react  on  a  one-to-one 
basis  with  the  OP,  thereby  inactivating  one  OP  per  scav¬ 
enger.  And,  there  are  catalytic  scavengers  that  hydrolyze 
the  OP,  thereby  inactivating  multiple  OP  per  scavenger. 

Butyrylcholinesterase  (EC.  3.1.1.8;  BuChE)  is  the  most 
important  stoichiometric  scavenger  in  human  plasma.  The 
concentration  of  BuChE  in  blood  (about  50  nM)  is  20 
times  higher  than  the  concentration  of  erythrocyte  AChE 


AChE 

biological  targets 
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clearance 
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Fig.  1.  Kinetic  control  of  OP  concentration  ([OPX])  in  human  blood. 
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(2.5  nM),  another  potential  stoichiometric  scavenger.  Reac¬ 
tions  of  BuChE  with  OPs  of  various  types  are  very  rapid 
(maximum  apparent  second-order  rate  constants  of  about 
10^  min“^ ).  In  practice,  BuChE  is  capable  of  protecting 
against  concentrations  of  OP  up  to  50  nM,  in  blood  (about 
350  nM).  To  a  first  approximation,  it  is  only  when  this  level 
is  exceeded  that  acute  intoxication  occurs. 

Rapid  reactivity  is  a  critical  feature  of  BuChE’s  effec¬ 
tiveness,  because  even  in  the  most  severe  intoxications  the 
maximum  concentration  of  OP  in  blood  [OPX]  is  very  low, 
less  than  11  nM  [25],  which  is  well  below  the  of  BuChE 
or  AChE  for  OP  molecules  (OPX).  Thus,  the  reaction  of  OPX 
with  ChEs  is  pseudo-first  order.  The  low  maximum  level 
of  OP  is  a  consequence  of  the  competition  between  the 
feeding  rate  and  the  diffusion,  inactivation  and  clearance 
rates. 

Reaction  of  a  stoichiometric  bioscavenger  (E)  with  OP  is 
depicted  by  Scheme  1 . 

The  stoichiometric  neutralization  of  OPs  in  blood  can  be 
conveniently  described  by  a  pseudo-first  order  process  in 
[OPX](Eqs.(l)and(2)). 


(1) 

in  which 

/<_op  =  kii  •  [E] 

(2) 

with 

(3) 

Hydrolysis  of  OP  by  a  catalytic  bioscavenger  can  be 
described  by  the  minimum  Michaelis-Menten  mechanism 
(Scheme  2). 

''"■'kpVk, 

(4) 

"“'kp  +  K, 

(5) 

In  order  to  be  optimally  effective,  a  scavenger  should 
be  capable  of  reducing  the  concentration  of  OPX  to  a 
non-toxic  level  in  less  than  one  median  circulation  time 
(t^lmin).  To  protect  against  a  severe  intoxication,  for 
example,  4000  nmol  of  OPX,  huge  amounts  of  a  stoichio¬ 
metric  bioscavenger  (such  as  BuChE,  i.e.  340  mg)  would 
have  to  be  injected  (Eq.  (8))  [23].  In  contrast,  by  virtue  of  the 
turnover,  much  lower  doses  of  a  catalytic  scavenger  would 
have  to  be  injected  for  the  same  detoxifying  effect  [26,27]. 
The  higher  the  enzyme  catalytic  efficiency,  /<cat/f<^m,  the  less 
catalytic  scavenger  needs  to  be  administered.  The  neces¬ 
sary  concentration  of  scavenger  (either  stoichiometric  or 
catalytic)  can  be  calculated  from  Eq.  (8). 


X,  the  factor  by  which  [OPX]  is  reduced,  is  equal  to 
ln[OPX]o/[OPX]t. 

The  general  requirements  for  a  bioscavenger  are:  (1) 
high  reaction  rate  (/<-op)  with  OPs;  (2)  long  biological 
life  (very  low  /<c);  (2)  immuno-tolerance;  (3)  no  side 
effects;  (4)  storage  and  thermal  stability;  (5)  availability 
from  natural  source  or  expression  system  at  reasonable 
cost;  (6)  a  convenient  delivery  system.  The  reaction  rate 
and  enantioselectivity  can  be  considerably  improved  by 
site-directed  mutagenesis  or  directed  evolution  [28,29]. 
Biological  life  and  immuno-tolerance  can  be  improved  by 
encapsulation  in  nano-containers,  e.g.  liposomes  [30,31], 
or  by  chemical  modifications  of  the  protein  surface,  e.g. 
PEGylation  [32-34].  Animal  studies  are  mandatory  to  eval¬ 
uate  safety  and  iatrogenic  risk,  in  particular  behavioral 
effects,  of  administered  bioscavengers.  Care  must  be  taken 
if  a  bioscavenger  candidate  displays  promiscuous  activi¬ 
ties  and  has  no  known  physiological  function,  e.g.  PONl 
[27,35].  Storage  and  thermal  stability  can  be  solved  by 
lyophilization  and/or  addition  of  stabilizers  to  the  enzyme 
preparations.  Improving  thermal  stability  by  mutagene¬ 
sis  or  by  selecting  enzyme  candidates  in  an  extremophile 
biotope,  e.g.  thermophilic  bacteria  [36],  could  be  an  alter¬ 
native  solution,  but  it  needs  to  be  a  compromise  between 
thermodynamic  stability,  catalytic  efficiency,  and  immuno- 
genicity.  At  the  moment,  bioscavengers  are  administered 
intravenously  or  intramuscularly.  Future  delivery  systems 
for  transdermal  needleless  injection,  skin  permeation,  and 
inhalation  have  to  be  considered  for  emergency  treatment 
of  large  populations. 


If  [OPX]<Xm,  the  pseudo  first-order  rate  constant  of 
hydrolysis  is 


/<_op  = 


kcat  ’  [E] 

Km 
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Scheme  2. 


3.  Human  butyrylcholinesterase-based 
bioscavengers:  from  stoichiometric  to  catalytic 
scavengers 

Human  BuChE  has  proven  to  be  a  safe  and  efficient 
stoichiometric  bioscavenger.  Based  on  animal  data,  it  is 
calculated  that  injection  of  a  200  mg  dose  of  recombi¬ 
nant  or  natural  plasma  BuChE  will  protect  humans  against 
2-5  LD50  of  soman  or  VX  with  no  side  effects  [23,37-40]. 
Human  plasma  derived  BuChE  was  granted  Investigational 
New  Drug  status  by  the  FDA  in  2006  for  protection  against 
nerve  agents.  Because  AChE  reacts  specifically  with  toxic 
stereoisomers  of  soman,  whereas  BuChE  is  less  enantios- 
elective,  administration  of  200  mg  of  AChE  is  expected  to 


276 


R  Masson  et  al.  /  Chemico-Biological  Interactions  175  (2008)  273-280 


detoxify  larger  doses  of  racemic  soman  [41].  In  addition, 
200  mg  of  AChE  is  equivalent  to  2800  nmol  of  enzyme, 
whereas  200  mg  of  BuChE  is  equivalent  to  2200  nmol. 
Therefore,  1.27  time  more  OP  molecules  can  potentially  be 
neutralized  by  AChE  than  by  BuChE  administered  at  the 
same  dose.  However,  scaled  production  of  human  AChE  has 
not  yet  begun.  Human  BuChE  has  been  produced  from  out¬ 
dated  plasma  under  GMP  by  Baxter  Healthcare  Corporation 
(http://www.baxter.com).  Efforts  have  also  been  made  to 
engineer  human  carboxylesterases  for  the  same  purpose 
[42,43].  Stoichiometric  bioscavengers,  the  first  generation 
bioscavengers,  are  intended  for  pre-exposure  treatment  of 
soldiers,  first  responders  and  medical  personnel  [23]. 

Second  generation  scavengers  will  be  catalytic  scav¬ 
engers.  Several  enzymes  are  promising  candidates,  such 
as  Pseudomonas  diminuta  organophosphorus  acid  anhy¬ 
dride  hydrolase  (OPAH)  [29,44]  and  human  paraoxonase 
[22,27 ]  that  is  also  an  OPAH.  Although  the  bacterial  enzyme 
is  not  suitable  for  injection  in  humans,  after  chemical 
capping  or  encapsulation  in  stable  nano-containers,  it 
could  be  administered  without  immunological  response. 
Because  evolved  mutants  of  bacterial  PTE  have  been  found 
to  be  the  most  efficient  enzyme  for  nerve  agent  detox¬ 
ification  [29],  research  efforts  have  to  continue  on  this 
enzyme.  However,  more  research  has  to  be  done  to  over¬ 
come  the  immunological  issue.  Human  cholinesterases 
may  represent  another  alternative.  Indeed,  because  OPs 
are  hemi-substrates  of  ChEs,  it  was  hypothesized  that  ChE 
could  be  changed  into  an  OP  hydrolase.  The  idea  of  mak¬ 
ing  mutants  of  cholinesterases  capable  of  hydrolysing  OPs 
was  based  on  Jarv’s  hypothesis  [45].  Jarv  observed  that 
the  stereochemistry  required  for  nucleophilic  displace¬ 
ment  of  a  carbonyl-ester  from  ChEs  is  different  from  that 
for  displacement  of  a  phosphyl-ester.  Acyl-enzyme  inter¬ 
mediates  have  a  short  life  because  the  acyl  group  is  rapidly 
displaced  with  a  water  molecule.  On  the  contrary,  in  phos- 
phylated  ChEs,  the  stereochemistry  of  the  phosphylated 
serine  prevents  accessibility  of  water.  Jarv  proposed  that 
this  difference  in  stereochemistry  was  the  reason  that  the 
phosphylated  enzyme  intermediate  is  stable.  For  efficient 
reaction  with  a  phosphylated  ChE,  the  nucleophile  needs 
to  approach  from  the  vicinity  of  the  oxy-anion  hole.  This 
nucleophile  could  either  activate  a  water  molecule  or  be 
the  primary  nucleophile  for  direct  attack  on  the  phosphorus 
atom. 

Broomfield  and  Millard  used  computer-aided  molecu¬ 
lar  modelling  based  on  the  crystal  structure  of  Torpedo 
californica  AChE  to  design  the  first  mutant  of  BuChE  with 
OP  hydrolase  activity.  Histidine  residues  were  introduced 
into  the  oxyanion  hole  of  human  BuChE  at  positions  115, 
117,  119  and  121  [46]  (Fig.  2).  The  imidazole  group  was 
intended  to  promote  hydrolysis  of  the  phospho-serine  bond 
in  phosphyled  BuChE  conjugates  either  by  direct  nucle¬ 
ophilic  attack  on  the  phosphorus  atom  or  by  activating 
a  water  molecule.  The  G117H  mutant  was  successful.  It 
had  a  decreased  phosphylation  rate  (kp)  for  DFP  and  nerve 
agents,  and  a  spontaneous  reactivation  rate  (kr),  i.e.  there 
was  hydrolysis  of  the  phospho-serine  bond.  Conjugates  of 
BuChE  with  nerve  agents,  DFP,  paraoxon,  and  echothio- 
phate  slowly  self-reactivated  [46,48].  However,  due  to  rapid 
“aging”,  soman-phosphonylated  enzyme  did  not  reacti- 


Fig.  2.  Active  center  pocket  of  human  butyrylcholinesterase,  in  complex 
with  butyrate,  taken  from  crystal  structure  at  2.0  A  resolution  [47].  Area 

1,  Active  serine  (S198),  vicinal  E197,  and  catalytic  histidine  (H438);  area 

2,  oxyanion  hole  (G116,  G117,  A199);  area  3,  TT-cation  binding  site  (W82); 
area  4,  acyl-binding  pocket  (L286,  V288,  W231 ). 

vate.  The  aging  reaction  involves  stabilization  of  a  positive 
charge  on  the  developing  carbocationic  alkoxy  chain  by 
the  carboxylate  of  E197  (Fig.  2).  The  mutation  E197Q  was 
introduced  to  make  the  double  mutant  G117H/E197Q.  This 
mutation  abolished  the  aging  reaction,  and  allowed  time 
for  hydrolysis  to  occur  [49].  Unfortunately,  this  second 
mutation  decreased  both  the  rate  of  phosphylation  and 
dephosphylation  of  other  OPs. 

Numerous  multiple  mutations  were  subsequently  cre¬ 
ated  in  different  loci:  the  oxyanion  hole  (introduction  of 
other  nucleophiles  D,  Y,  S,  C  in  position  117),  the  7T-cation 
binding  site  and  the  acyl-binding  pocket  (Fig.  2)  [50].  None 
of  these  mutants  was  more  active  than  G117H.  In  fact,  we 
recently  provided  evidence  that  mutation  in  the  oxyanion 
hole  causes  distortion  of  this  area  with  deleterious  effects 
on  transition  state  stabilization  [51  ]. 

The  X-ray  structure  of  the  G117H  mutant  phospho- 
rylated  by  echothiophate,  i.e.  the  diethylphosphorylated 
enzyme  conjugate  was  recently  solved  at  2.1  A  (Fig.  3)  [52]. 
Results  indicate  that  H117  is  mobile  enough  to  both  activate 
a  vicinal  water  molecule  and  stabilize  the  trigonal  bipyra- 
midal  dephosphorylation  transition  state. 

4.  Mutagenesis  of  acetylcholinesterases 

Transposition  of  the  G117H  mutation  into  Bungarusfas- 
ciatus  and  human  AChE  yielded  inactive  enzyme.  In  those 
enzymes,  the  mutated  residue  was  G122.  In  an  effort 
to  activate  the  G122H  mutant,  two  additional  mutations 
were  introduced  to  enlarge  the  active  site  pocket.  This 
triple  mutant,  G122H/Y124Q/S125T,  might  be  referred  to  as 
“butyrylized”  AChE.  These  mutations  dramatically  altered 
the  catalytic  properties  of  AChE  with  ester  substrates,  con¬ 
ferred  resistance  to  inhibition  by  OPs,  and  created  OP 
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Fig.  3.  X-ray  structure  of  the  active  center  of  diethylphosphorylated 
G117H  mutant  of  human  butyrylcholinesterase  (DEP-G117H)  at  2.1  A  res¬ 
olution  [52]. 


hydrolase  activity,  though  the  OP  hydrolase  activity  was 
extremely  low.  However,  these  mutants  are  the  first  AChE 
mutants  capable  of  hydrolysing  OPs  [53].  The  reactiv¬ 
ity  with  OPs  was  accompanied  by  kinetic  complexities: 
first,  there  was  slow  binding  of  certain  OPs  (e.g.  DFP), 
which  meant  that  the  phosphorylation  reaction  started 
after  a  long  induction  time.  The  dependence  of  the  induc¬ 
tion  time  on  OP  concentration  is  hyperbolic.  This  meant 
that  slow-binding  inhibition  is  of  type  B,  that  is,  there  is 
rapid  formation  of  complex  EY  between  enzyme  and  OP 
followed  by  slow  isomerization  of  EY  to  EY*,  then  slow 
hydrolysis  of  EY*  (Scheme  3).  Second,  with  other  OPs  (e.g. 
paraoxon)  there  was  a  transient  increase  of  the  enzyme- 
catalyzed  hydrolysis  of  acetylthiocholine  in  the  presence  of 
low  OP  concentrations.  A  similar  phenomenon  was  recently 
reported  for  interaction  of  chlorpyrifos-oxon  with  recom- 
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Scheme  3. 


binant  human  AChE  [54].  This  was  interpreted  in  terms  of 
binding  of  OP  on  a  secondary  site. 

Cholinesterases  engineered  for  hydrolysing  OPs  so  far 
display  a  catalytic  efficiency  much  less  than  that  of 
phosphotriesterases  (Table  1).  To  be  of  medical  interest, 
cholinesterase  mutants  should  display  /<cat/f<^m  values  sev¬ 
eral  orders  of  magnitude  higher  than  the  values  for  the 
mammalian  enzymes  in  Table  1.  In  addition,  mutated 
enzyme  should  not  display  unwanted  kinetic  complexities 
such  as  a  long  induction  period  or  hysteresis,  preceding 
establishment  of  steady-state  OP  hydrolysis. 

To  take  up  this  challenge  we  have  modified  our  muta¬ 
genesis  strategy.  A  histidine  was  introduced  into  the  active 
center  of  human  AChE  in  a  position  that  does  not  affect 
the  oxyanion  hole.  An  aspartate  was  added  to  activate 
the  histidine,  making  the  His/Asp  dyad  (Y124H/Y72D) 
(Fig.  4).  Molecular  dynamics  showed  that  H-bonding  and 
orientation  of  the  dyad  are  optimal  for  hydrolysis  of 
phosphyl-adducts  and  that  the  structure  is  stable.  In  par¬ 
ticular,  the  D72  carboxylate,  the  HI 24  imidazolium  and 
the  phosphorus  atom  in  diisopropylated  enzyme  (DFP  con¬ 
jugate)  remain  aligned  throughout  the  simulation.  This 
mutant  was  expressed  in  293  K  cells.  Unlike  previous 
ChE  mutants  that  displayed  altered  catalytic  properties 
with  carboxyl-esters  compared  to  wild-type  enzymes. 


Table  1 

Catalytic  efficiency  (fccat/Xm  10®  M“^  min“^ )  of  different  natural  and  engineered  OP  hydrolases  towards  different  OPs 


Enzyme 

Paraoxon 

DFP 

Soman 

Sarin 

Echothiophate 

VX 

Human  Q192 

P0N1 

0.68  [55] 

0.04  [56] 

2.8  [57] 

0.91  [57] 

+  * 

Human  R192 

P0N1 

2.4  [55] 

2.1  [57] 

0.07  [57] 

+  * 

Mammalian  G3C9. 

rP0N1 

0.72  [58] 

Human  G117H 

BuChE 

0.0057  [53] 

0.0052  [53] 

- 

0.00016  [48] 

0.0101  [53] 

0.0015  [48] 

Blowfly  G117D 

CaE 

0.2  [59] 

8.  fasciatus  HQT 

AChE 

0.000064  [53] 

0.00076[53] 

0.000024  [53] 

Loligo  vulg. 

DFPase 

78  [60] 

2.4  [60] 

2.4  [60] 

0[60] 

P.  diminuta 

OPAH 

2000  [61] 

580  [62] 

0.6  [63] 

4.8  [63] 

0.04  [64] 

Alteromonas 

OPAA 

46  [65] 

Mammalian  enzymes  are  in  the  grey  box  (see  Refs.  [48,53,55-65]).  *C.A.  Broomfield,  unpublished  result. 
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Fig.  4.  New  human  AChE  mutant:  simulation  of  DFP  covalently  docked 
into  the  active  center  of  Y124H/Y72D  mutant  of  human  AChE.  S203  is  the 
active  site  serine. 

this  mutant  is  very  active  with  acetylthiocholine  as  the 
substrate.  This  mutant  is  the  first  one  of  a  new  gen¬ 
eration  of  ChE  mutants  designed  for  hydrolyzing  OPs. 
Additional  mutations  were  introduced  for  optimising  the 
efficiency  of  the  dyad.  Two  generic  mutants  were  made: 
Y124H/Y72D/E285(i  and  Y124H/Y72D/E285M.  The  cat¬ 
alytic  OP  hydrolase  activity  of  these  new  generic  mutants 
will  be  improved  by  computational  design. 

5.  Prospects 

Rational  design  of  ChE  mutants  with  high  OP  hydrolase 
activity  requires  a  better  knowledge  of  the  detailed  reac¬ 
tion  mechanism  of  mutant-catalyzed  OP  hydrolysis.  The 
key  to  rational  redesign  is  to  further  understand  the  protein 
environmental  effects  on  the  reaction  pathway,  particularly 
on  the  transition  states.  Knowledge  of  the  configuration 
of  the  trigonal  bipyramidal  transition  state  of  phospho¬ 
rus  conjugates  is  needed  to  enable  lowering  the  activation 
free  energy  barrier  of  the  rate-limiting  step,  and  increas¬ 
ing  the  fraction  of  reactive  trajectories  that  successfully 
cross  the  transition  state  barrier  and  become  produc¬ 
tive.  However,  reaction  coordinate  calculations  by  quantum 
mechanics  with  an  active  site  model  can  only  account  for 
breaking  the  P-07-serine  bond  during  the  nucleophilic 
attack.  Thus,  complex  protein  environmental  effects  on  the 
reaction  pathway  and  the  energy  barriers  have  to  be  exam¬ 
ined.  Hybrid  quantum  mechanical/molecular  mechanical 
(QM/MM)  calculations  are  the  method  of  choice  for  includ¬ 
ing  the  protein  environment.  Because  it  is  not  yet  possible 
to  treat  entire  proteins  by  QM  methods,  the  system  has  to  be 


Link  atom 


Fig.  5.  In  QM/MM  method  the  protein  is  divided  into  a  QM  part  and  a 
MM  part.  The  QM  subsystem  must  include  all  atoms  that  are  directly 
involved  in  the  bond  breaking  and  forming  process.  This  partition  may 
require  cutting  a  covalent  bond  (between  a  QM  atom  X  and  a  MM  atom 
Y)  in  the  boundary  and  thus  special  techniques  should  be  applied  to  fulfil 
the  valence  of  the  QM  atom  (X). 


partitioned  as  follows:  the  smallest  ‘important’  part  of  the 
protein  is  treated  at  a  high  quantum  chemical  level  (QM), 
whereas  the  much  larger  remainder  is  dealt  with  using 
classical  force-field  methods  (MM)  as  displayed  in  Fig.  5 
[66]. 

However,  the  QM/MM  process  is  time  consuming  even  if 
using  large  computational  resources  and  screening  a  large 
panel  of  ChE  mutants  would  be  prohibitive.  A  new  method¬ 
ology  called  “transition  state  modelling  with  empirical 
force-field’’  (TS-MD)  has  demonstrated  its  power  in  design 
of  a  human  BuChE  mutant  that  hydrolyses  (-)-cocaine  at 
a  rate  more  than  400-times  higher  than  wild-type  BuChE 
[67].  MD  simulations  using  a  classical  force  field  (molecular 
mechanics)  can  only  simulate  a  stable  structure  corre¬ 
sponding  to  a  local  energy  minimum.  To  associate  the 
transition  state  structure  to  a  local  minimum  on  the  energy 
potential  surface,  one  needs  to  create  a  non-standard 
residue  and  to  maintain  the  bond  lengths  of  the  forming  and 
breaking  covalent  bonds.  In  the  case  of  phosphylate-AChE, 
the  non-standard  residue  consists  of  the  OP  adduct  and  the 
hydroxyl  ion  of  water,  leading  to  the  trigonal  bipyramidal 
transition  state  (Fig.  6).  Geometry  of  the  transition  state 
structure  is  obtained  by  previous  QM/MM  calculations  or 
by  ab  initio  calculations  on  a  model  reaction  system.  These 
types  of  MD  simulations  on  transition  states  would  provide 
quantitative  information  about  the  dynamic  change  in  the 
environment  surrounding  the  reaction  center  and  on  the 
multiple  interactions  between  the  reaction  center  and  the 
protein  environment.  The  speed  of  this  method  compared 
to  QM/MM  or  QM  is  expected  to  allow  screening  of  a  large 
number  of  mutants. 


Fig.  6.  Non-standard  residue  in  transition  state  for  phosphylated  human 
AChE.  Non-standard  residue  contains  the  phosphorus  adduct,  the  catalytic 
serine  (S203)  and  hydroxyl  ion  from  a  water  molecule,  that  simulates  the 
transition  state  (TSl)  of  forming  covalent  bond  during  hydrolysis. 


P.  Masson  et  al  /  Chemico-Biological  Interactions  175  (2008)  273-280 


279 


6.  Conclusion 

Human  BChE  was  awarded  Investigational  New  Drug 
status  by  the  FDA  in  2006,  and  it  is  now  undergoing  Phase 
I  safety  trials  in  humans.  If  taken  to  full  FDA  licensure, 
BuChF  would  be  the  first  marketed  bioscavenger  for  pro¬ 
tection  against  organophosphorus  agent  exposure.  Because 
catalytic  scavengers  show  advantages  over  first  generation 
stoichiometric  scavengers,  efforts  have  been  made  for  more 
than  15  years  to  convert  ChEs  into  OP  hydrolase  enzymes. 
Though  mutated  ChEs  displaying  turnover  with  OPs  have 
been  made,  no  operational  mutants  are  available  so  far. 

In  the  future,  much  significant  progress  is  expected, 
using  the  site-directed  mutagenesis  approach  with  the  help 
of  computational  methods  like  QM/MM  or  TS-MD  sim¬ 
ulations  for  predicting  mutations  that  will  optimize  the 
geometry  and  the  stability  of  the  dephosphylation  transi¬ 
tion  state  in  ChEs.  Alternatively,  if  expression  of  functional 
ChEs  in  microorganisms,  like  E.  co/i,  becomes  possible,  then 
directed  evolution  of  ChEs  should  be  a  promising  method 
to  generate  new  ChE-based  catalytic  scavengers. 
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Phosphylated  cholinesterases  (ChE)  can  undergo  a  side  reaction  that  progressively  decreases  their  reac- 
tivatability.  This  process,  termed  “aging”,  results  from  dealkylation  of  the  adduct  and  depends  on  the 
structure  of  the  organophosphyl  moiety.  Aged  ChEs  are  resistant  to  reactivation  by  oximes. 

Owing  to  the  toxicological  importance  of  OPs,  the  molecular  mechanism  of  aging  has  been  the  subject 
of  research  for  decades.  It  was  not  clear  whether  aging  involves  the  same  bond  breakage  regardless  the 
type  of  OP  or  is  a  scission  of  P-O-C  bonds  (P-0  or  0-C)  in  phosphates/phosphonates,  P-N-C  bonds  in 
phosphoramidates,  and  P-S-C  bonds  in  phosphonothionates.  It  was  assumed  that  the  resulting  negatively 
charged  atom  on  phosphorus  of  the  aged  adduct  prevented  nucleophilic  attack  by  oximates,  but  studies 
on  negatively  charged  model  molecules  do  not  support  this  hypothesis.  Decrease  in  conformational  flex¬ 
ibility  of  aged  enzymes  may  contribute  to  their  non-reactivatability  by  preventing  proper  adjustment  of 
reactivators  in  the  active  site  gorge. 

MALDI-TOF  mass  spectrometry  of  phosphylated  human  butyrylcholinesterase  (hBChE)  in  water  and 
in  0-water  provided  evidence  that  aging  results  from  0-C  breakage,  i.e.  0-dealkylation.  In  contrast, 
the  isomalathion-BChE  conjugate  ages  mostly  through  P-S  bond  cleavage,  but  a  minor  product  results 
from  0-C  and/or  S-C  breakage.  The  crystal  structures  of  hBChE  and  hAChE  inhibited  by  tabun  showed 
that  aging  of  tabun-ChE  conjugates  results  from  0-dealkylation.  However,  depending  on  the  nature  of 
0-alkyl  and  N-alkyl  chains,  aging  of  BChE  inhibited  by  other  phosphoramidates  results  either  from  0-C 
breakage  or  deamination,  i.e.  P-N  breakage.  It  was  found  that  dealkylation  of  branched  alkoxy  involves 
a  transient  carbocation.  Dealkylation  of  OP-ChE  conjugates  is  accompanied  by  enzyme  conformational 
changes.  Urea,  organic  solvent,  heat  and  pressure  denaturation  of  human  BChE  showed  that  the  confor¬ 
mational  stability  of  aged  OP-BChE  conjugates  is  dramatically  increased  compared  to  native  enzyme. 
Determination  of  the  three-dimensional  structure  of  BChE  and  AChE  conjugated  to  different  OPs  showed 
that  aged  adducts  form  a  salt  bridge  with  the  protonated  catalytic  histidine.  Structure  alteration  of  aged 
enzymes  is  accompanied  by  exit  of  water  molecules  from  the  enzyme’s  active  site  gorge.  In  addition, 
neutron  scattering  studies  provided  evidence  that  the  structural  dynamics  of  aged  BChE  is  dramatically 
altered  compared  to  native  enzyme.  Knowledge  of  the  molecular  basis  of  aging  will  help  to  design  reac¬ 
tivators  of  aged  ChEs,  molecules  capable  of  slowing  the  aging  process,  and  pseudocatalytic  ChE-based 
bioscavengers. 

©  2010  Elsevier  Ireland  Ltd.  All  rights  reserved. 


Abbreviations:  AChE,  acetylcholinesterase:  BChE,  butyrylcholinesterase:  ChE, 
cholinesterase:  DEP,  diisopropylfluorophosphate:  MALDI-TOE,  matrix-assisted 
laser  desorption/ionization-time-of-flight:  OP,  organophosphorus  compound:  PAS, 
peripheral  anionic  site:  2-PAM,  pralidoxime. 

Amino  acid  numbering  refers  to  residues  in  human  butyrylcholinesterase  and 
human  acetylcholinesterase,  for  example,  the  catalytic  serine  is  S198/S203  in  these 
enzymes. 
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1.  Introduction 

Cholinesterases  (ChEs)  and  serine  hydrolases  are  progressively 
inhibited  by  organophosphorus  compounds  (OPs)  through  phos- 
phylation  of  the  active  site  serine  (S198/S203)*.  Inhibition  of  AChE 
is  responsible  for  the  acute  toxicity  of  OPs.  OPs  have  been  widely 
used  as  pesticides  for  decades  [1].  Some  OPs  are  potent  chemical 
warfare  agents  now  considered  as  potential  terrorist  agents  (Pig.  1 ) 
[2].  OP  poisoning  is  a  major  public  health  concern.  Indeed,  self¬ 
poisoning  by  pesticides  is  responsible  for  some  200,000  deaths  a 
year  in  the  world  [3]. 

Acetylcholinesterase  (EC  3. 1.1. 7;  AChE)  and  butyryl¬ 
cholinesterase  (EC  3. 1.1. 8;  BChE)  have  a  very  similar  three- 
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dimensional  structure  [4].  The  major  structural  differences  are: 
AChE  possesses  a  large  peripheral  anionic  site  (PAS)  at  the  entrance 
of  the  active  site  gorge  compared  to  BChE  [4];  there  are  more  aro¬ 
matic  residues  lining  the  active  site  gorge  of  AChE  than  in  BChE, 
so  that  the  volume  of  the  gorge  is  300  in  AChE  against  500 
in  BChE  [5].  These  differences  have  important  consequences  on 
reactivity,  specificity  and  stereoselectivity  of  both  enzymes. 

After  stereoselective  formation  of  the  ChE-OP  complex,  phos- 
phylation  of  the  catalytic  serine  is  accompanied  by  release  of  the  OP 
leaving  group  [6].  Water-mediated  dephosphylation  is  very  slow  or 
zero,  so  that  inhibition  of  ChEs  by  OPs  can  be  regarded  as  “irre¬ 
versible”.  Bimolecular  rate  constants  for  phosphylation  of  ChEs 
range  from  10^  to  10^°  1VI“^  min“^  East  phosphylation  of  AChE 
leads  to  major  dysfunction  of  the  cholinergic  system  that  fully 


Fig.  2.  Chemical  structures  of  some  oxime  reactivators. 


explains  the  acute  lethal  toxicity  of  OPs  [7].  However,  sub-lethal 
toxicity  of  OPs  with  no  inhibition  of  ChEs,  delayed,  and  chronic 
effects  of  OPs  may  result  from  inhibition  of  other  serine  enzymes 
[8]  and/or  phosphylation  of  numerous  protein  targets  on  tyrosine 
or  lysine  residues  [9]. 

Phosphylated  ChEs  can  be  reactivated  by  nucleophilic  com¬ 
pounds  such  as  fluoride  ions,  hydroxamates  and  oximes,  if 
they  have  not  undergone  aging.  Pyridinium  oximes:  2-PAlVI  and 
obidoxime  (toxogonin)  are  currently  used  as  antidotes  of  OP  poi¬ 
soning.  More  potent  oximes,  Hl-6  and  MMB-4,  are  under  advanced 
development  (Pig.  2).  However,  the  therapeutic  efficacy  of  oximes 
in  emergency  treatment  of  OP  poisoning  is  still  the  subject  of  debate 
[10,11].  As  a  consequence  of  structural  differences  between  AChE 
and  BChE,  phosphylated  BChE  is  reactivated  with  less  efficiency 
than  phosphylated  AChE.  However,  it  should  be  remembered  that 
oxime  reactivators  have  initially  been  developed  for  AChE  reactiva¬ 
tion,  not  reactivation  of  phosphylated  BChE.  Moreover,  reactivation 
depends  also  on  the  structure  of  reactivator  and  the  structure  of 
OP  that  caused  inhibition.  ChEs  inhibited  by  the  nerve  agent  tabun 
are  resistant  to  oximes  at  concentrations  compatible  with  medical 
use  [12,13].  However,  design  of  new  oximes  capable  of  reactivat¬ 
ing  AChE  and  BuChE  inhibited  by  tabun  and  others  OPs  at  low 
concentrations  is  a  very  active  field  of  research.  Improving  reac¬ 
tivation  of  phosphylated  BChE  will  lead  to  development  of  efficient 
BChE-based  pseudocatalytic  bioscavengers  [14,15]. 


2.  Loss  in  reactivatability  of  phosphylated  cholinesterases: 
aging 

Due  to  post-inhibitory  reactions,  reactivation  of  phosphylated 
ChEs  may  be  progressively  spoiled.  This  loss  in  reactivatability 
is  called  «aging».  Unlike  ChEs,  carboxylesterases  and  phospholi¬ 
pases  do  not  age  [  1 6,1 7].  Certain  phosphylated  serine  proteases,  e.g. 
trypsin  and  chymotrypsin  are  susceptible  to  aging.  Aging  is  gener¬ 
ally  the  functional  consequence  of  dealkylation  of  the  OP  adduct 
[18].  However,  other  types  of  chemical  deteriorations  of  phosphy¬ 
lated  serine  may  occur,  such  as  p  elimination  of  the  adduct,  leading 
to  formation  of  dehydroalanine  [19].  Though  slow  formation  of 
dehydroalanine  has  been  observed  on  MS/MS  spectra  of  aged  ChE 
adducts  after  inhibition  by  nerve  agent  analogues  [20],  it  has  not 
yet  been  established  whether  dehydroalanine  forms  spontaneously 
under  mild  alkaline  conditions  or  is  an  artifact  of  MS  analysis. 

The  dealkylation  reaction  of  adducts  depends  on  the  structure 
of  the  phosphylated  enzyme  active  site  pocket.  The  rate  constant  of 
aging  (ka)  is  modulated  by  temperature,  pH,  other  environmental 
factors,  and  binding  of  ligands  on  the  enzyme’s  peripheral  anionic 
site  (PAS).  In  general,  phosphylated  BChE  ages  faster  than  phos¬ 
phylated  AChE,  but  the  rate  of  aging  depends  on  the  OP  structure. 
Branched  alkyl  side  chains  dealkylate  much  faster  than  short  alkyl 
chains.  Thus,  the  half-time  of  aging  (ti/2  =  In  2//<a)  ranges  from  a  few 
minutes  to  several  days.  Eor  instance,  human  acetylcholinesterase 
ages  with  ti/2  =  6.3  min  after  inhibition  by  soman  (dealkylation  of 
pinacolyl  chain)  [21  ],  ti/2  =  8.7  h  after  inhibition  by  cyclohexyl-sarin 
(loss  of  cyclohexyl  chain)  [22],  and  ti/2  =  1.5  days  after  inhibition 
by  VX  (loss  of  ethyl  chain)  [23].  Thus,  antidotal  treatment  of  OP 
poisoning  may  be  dramatically  impaired  when  there  is  fast  aging. 


3.  Mechanism  of  deallcylation 

Dealkylation  of  phosphylated  ChEs  is  a  unimolecular  SNi  reac¬ 
tion  involving  a  carbocationic  intermediate.  The  aging  reaction  has 
been  thoroughly  investigated  for  soman-inhibited  ChEs  and  serine 
proteases  [24].  The  active  site  residues  involved  in  the  molecular 
mechanism  of  dealkylation  have  been  identified.  Eirst,  chemical 
modification  of  histidine  by  diethylpyrocarbonate  implicated  his- 
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tidine  in  aging  [25].  pH  dependence  and  site-directed  mutagenesis 
studies  provided  evidence  for  participation  of  catalytic  histidine 
(H438/H447)  and  glutamate  (E197/E202;  El 99  in  Torpedo  califor- 
nica  AChE)  vicinal  to  the  catalytic  serine  in  the  mechanism  of 
dealkylation  [26].  The  main  component  of  the  choline-binding 
pocket,  tryptophan  residue  (W82/W86),  has  been  found  -  together 
with  E197/E202  -  to  stabilize  the  developing  carbocation  that 
will  be  cleaved  [21,27].  Another  residue,  E329/E338,  in  the  acyl¬ 
binding  pocket  has  been  found  to  play  a  role  in  the  aging  process 
by  stabilizing  the  imidazolium  ring  of  H447  [21].  Mutation  of  this 
phenylalanine  residue  to  alanine  considerably  slows  the  rate  of 
aging  of  phosphylated  AChE  [21  ]  but  has  a  moderate  effect  on  aging 
of  phosphylated  BChE  [28].  The  slower  aging  rate  of  human  AChE 
compared  to  that  of  human  BChE  is  related  to  a  difference  in  mobil¬ 
ity  of  the  catalytic  histidine.  H438  of  BChE,  stabilized  by  E398,  is 
always  in  a  conformation  favorable  to  aging  [29,30].  By  contrast, 
the  catalytic  histidine  is  rather  mobile  in  AChE  as  shown  by  crys¬ 
tallographic  [31,32]  and  NMR  analyses  [33],  so  that  it  is  not  always 
in  a  conformation  favorable  to  aging. 

Lastly,  D70/D74,  the  main  component  of  the  PAS  has  been  found 
to  modulate  the  rate  of  aging.  This  residue  is  part  of  the  Q,  loop 
(C65-C92)  that  allosterically  links  the  peripheral  anionic  site  (PAS) 
to  the  choline-binding  site.  The  mutation  D70G  in  human  BChE  [34] 
or  D74N  in  human  AChE  [21]  likely  induces  a  change  in  the  posi¬ 
tion  of  W82/W86,  and  disorganizes  the  water  molecule  network, 
which  in  turn  alters  stabilization  of  the  carbocationic  intermedi¬ 
ate.  In  addition,  in  AChE,  the  H-bond  between  D74  and  Y341,  at 
the  rim  of  the  active  site  gorge,  stabilizes  helix  334-341.  Destabi¬ 
lization  of  this  helix  affects  the  position  of  E338,  and,  therefore,  the 
position  of  H447.  Double-mutant  (Y332A/D70G)  cycle  kinetic  anal¬ 
ysis  of  BChE  under  high  hydrostatic  pressure  showed  that  water 
molecules  move  more  freely  in  the  active  gorge  of  BChE  mutated  in 
the  PAS  than  in  the  gorge  of  wild-type  enzyme  [35].  Participation  of 
water  molecules(s)  in  the  dealkylation  catalysis  has  been  inferred 
from  study  of  the  dependence  of  the  aging  rate  on  hydrostatic  pres¬ 
sure  versus  osmotic  pressure  [36]  and  from  X-ray  structure  analysis 
[29,37]. 

Products  released  from  dealkylation  of  the  pinacolyl  chain  of 
soman  bound  to  AChE  [38-40]  as  well  pH  profiles  and  solvent  iso¬ 
tope  effects  support  a  “push-pull”  mechanism  for  aging  in  which 
tryptophan  (W82/W86)  and  glutamate  (E197/E202)  exert  elec¬ 
trostatic  and  steric  “push”,  and  histidine  (H438/H447)  and  the 
oxyanion  hole  act  as  “pullers”  [41,24]  (Eig.  3).  The  critical  step  of 
this  mechanism  involves  migration  of  methyl  from  Cp  to  Ca  in 
the  pinacolyl  chain  in  the  dealkylation  transition  state.  Another 
proposed  mechanism  supported  by  mutagenesis  involves  proto¬ 
nation  of  the  pinacoloxy  oxygen  by  protonated  catalytic  histidine, 
and  then  scission  of  the  0-C  bond  [21,42].  Recent  high-resolution 
crystal  structures  of  non-aged  and  aged  soman-Torpedo  califomica 
AChE  conjugates  led  to  a  critical  reexamination  of  both  models, 
and  highlighted  the  role  of  a  water  molecule  (H-bonded  to  Y121; 
Y124  in  human  AChE)  in  dealkylation  [37].  However,  these  struc¬ 
tural  data  are  in  favor  of  the  push-pull  mechanism.  It  is  expected 
that  crystallokinetic  studies  of  soman-phosphonylated  AChE  will 
provide  direct  evidence  for  the  push-pull  mechanism. 

Aging  of  human  BChE  by  organophosphates  like  echothiophate 
and  diisopropylfluorophosphate  (DEP),  and  organophosphonates 
like  sarin  and  soman,  involves  scission  of  the  P-O-C  chain.  To 
determine  whether  there  is  breakage  of  the  P-0  bond  or  0-C 
bond,  inhibition  and  aging  were  carried  out  in  ^^0-water  and  the 
products  compared  to  inhibition  and  aging  in  water.  Analysis  of 
aged  BChE  tryptic  peptides  by  MALDl-TOE  mass  spectrometry  pro¬ 
vided  evidence  that  the  chemical  reaction  corresponded  to  0-C 
breakage  assisted  by  a  water  molecule  and  not  P-0  breakage  [43]. 
Eor  phosphoramidates  like  tabun,  mass  spectrometry  and  X-ray 
structure  analyses  provided  evidence  that  aging  of  ChEs  proceeds 
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Fig.  3.  Push-pull  mechanism  for  aging  of  acetylcholinesterase  inhibited  by  PsCs- 
soman  stereoisomer  proposed  by  the  group  of  Kovach  [40,41].  Numbering  of 
residues  is  for  human  AChE.  Electrostatic  and  steric  “push”  involves  W86  and 
E202:  concomitant  “pull”  effect  is  provided  by  protonated  H447  and  the  oxyanion 
hole.  Small  molecular  products  of  pinacolyl  dealkylation  are  2,3-dimethyl-2-butene 
(14%),  2,3-dimethyl-l -butene  (24.5%)  and  2,3-dimethyl-2-butanol  (60%). 


through  0-dealkylation,  not  deamination  [30]  (Eig.  4).  Eor  phospho- 
rodithioates  like  isomalathion  aging  is  more  complex,  involving 
0-C,  P-S  and  S-C  cleavages,  depending  on  the  enantiomer  that 
reacted  with  the  enzyme  [43].  It  is  noteworthy  that  aging  of  human 
AChE  is  generally  slower  than  aging  of  human  BChE. 

4.  Molecular  hypotheses  for  the  resistance  of  aged  ChEs  to 
oxime  reactivators 

To  explain  the  non-reactivatability  of  aged  ChEs,  it  was  initially 
suggested  that  a  new  bond  was  formed  between  aged  adduct  and 
an  active  center  residue,  thus  preventing  reactivation  [44].  Later 
it  was  proposed  that  the  negatively  charged  oxygen  on  the  phos¬ 
phorus  atom  formed  an  electrostatic  shield  opposing  nucleophilic 
attack  of  oximates  on  the  phosphorus  atom  [45].  However,  studies 
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Fig.  4.  X-ray  structure  of  the  active  site  of  tabun-aged  human  butyrylcholinesterase 
at  2.3  A  (PDB  code  2COP)  [30].  Electron  density  2|Fo|  -  |Fc|  is  represented  by  a  blue 
mesh,  contoured  at  Icr,  and  |Fo|  -  |Fc|  omit  map  is  represented  by  green  mesh  con¬ 
toured  at  3a.  Important  active  site  residues  are  represented  as  sticks  with  carbon 
atoms  in  green,  nitrogen  atoms  in  blue,  phosphorus  atom  in  orange,  and  oxygen 
atoms  in  red.  H  bonds  are  represented  by  red  dashes.  The  dimethylamine  moiety  of 
the  tabun  adduct  is  located  in  the  acyl-binding  pocket.  The  imidazolium  of  pro- 
tonated  H438  forms  a  strong  salt  bridge  (2.8  A)  with  the  negatively  charged  oxygen 
atom  of  the  tabun-aged  adduct.  The  positive  density  close  to  W82  is  an  unknown 
ligand.  (For  interpretation  of  the  references  to  color  in  this  figure  legend,  the  reader 
is  referred  to  the  web  version  of  the  article.) 

of  reactions  between  various  acylmethylphosphonates  and  neutral 
or  negatively  charged  nucleophiles  showed  that  the  presence  of  a 
negative  charge  slows  down  the  rate  of  nucleophilic  displacement 
at  phosphorus  due  to  the  electrostatic  effect,  but  does  not  prevent 
reaction  between  compounds  [46-48].  NMR  studies  provided  evi¬ 
dence  for  formation  of  a  salt  bridge  between  P-0“  and  protonated 
catalytic  histidine  [49].  Moreover,  the  role  of  histidine  as  a  base 
for  dephosphylation  catalysis  is  impaired  because  of  its  protona¬ 
tion.  Crystal  structures  of  aged  ChEs  and  other  serine  hydrolases 
confirmed  the  existence  of  a  strong  salt  bridge  in  the  active  cen¬ 
ter  of  aged  conjugates  (Fig.  4)  that  raises  the  energy  barrier  for  the 
reactivation  reaction  [4,18,30,37]. 

5.  Consequence  of  deallcylation  on  structure  and 
conformational  stability  of  cholinesterases 

Structural  investigations  have  been  aimed  at  understanding 
whether  bonding  interaction  was  the  sole  cause  of  resistance 
to  reactivators  of  aged  ChEs  or  whether  enzyme  conformational 
changes  occurred  upon  dealkylation.  Measurement  of  fluores¬ 
cence  decay  of  pyrenebutyl-containing  organophosphates  bound 
to  AChE  showed  that  decay  was  shorter  for  non-aged  conjugates 
than  for  aged  conjugates  [50].  This  suggested  that  the  pyrenebutyl 
group  in  aged  conjugates  is  more  deeply  buried  than  in  non-aged 
conjugates.  Later,  kinetic  and  equilibrium  spectroscopic  studies 
showed  that  the  binding  of  ligands  was  altered  in  aged  AChE  com¬ 
pared  to  non-aged  AChE  [51  ].  Differences  in  the  binding  properties 
of  non-aged  and  aged  AChE  were  interpreted  to  be  a  conse¬ 
quence  of  a  change  in  topographic  relationships  between  the  active 
center  and  the  PAS.  Affinity  electrophoresis  of  human  BChE  on 
procainamide  immobilized  in  a  polyacrylamide  gel  revealed  a  sig¬ 
nificant  decrease  in  binding  affinity  of  soman-aged  BChE  compared 
to  non-inhibited  enzyme  and  enzyme  inhibited  by  methyl  sulfonyl 
fluoride  [52].  At  the  same  time,  cross-linking  of  non-inhibited  and 
soman-aged  BChE  with  dimethylimidates  of  different  chain  length 
between  reactive  functions  showed  no  change  in  quaternary  struc¬ 
ture  of  BChE  or  in  overall  conformation  of  subunits  between  both 
enzyme  forms  [52].  This  suggested  that  only  minor  conformation 
changes  occur  upon  dealkylation.  However,  enzyme  denaturation 


studies  with  urea,  heat,  hydrostatic  pressure  and  organic  solvent 
showed  that  the  conformational  stability  of  aged  ChEs  is  dramat¬ 
ically  increased  compared  to  non-inhibited  and  non-aged  ChEs 
[41 ,53-55].  Analysis  of  pressure-induced  molten  globule  transition 
of  BChE  also  indicated  a  shift  in  denaturation  onset  of  aged  BChE 
[36].  Molecular  dynamics  of  non-inhibited  and  soman-aged  BChE 
studied  by  incoherent  elastic  neutron  scattering  as  a  function  of 
temperature  in  the  range  50-90  °C  showed  a  significant  change  in 
molecular  flexibility  on  the  Angstrom-nanosecond  scale  between 
both  enzyme  forms.  The  increase  in  stability  of  aged  BChE  corre¬ 
lates  with  a  decrease  in  molecular  flexibility  [56].  Formation  of  a  salt 
bridge  and  partial  dehydration  of  the  active  site  gorge  upon  dealky¬ 
lation  explain  stability  and  molecular  dynamics  changes  of  aged 
BChE.  Thus,  decrease  in  conformational  flexibility  of  aged  enzymes 
may  contribute  to  their  non-reactivatability  by  preventing  proper 
adjustment  of  reactivators  in  the  active  site  gorge. 

Comparison  of  the  crystal  structures  of  soman-aged  AChE  to 
native  and  non-aged  AChE,  showed  only  a  slight  displacement  of 
the  catalytic  histidine  upon  formation  of  a  salt  bridge  at  the  bot¬ 
tom  of  the  gorge  [37].  In  fact,  determination  of  the  crystal  structure 
of  the  ternary  complex  between  soman-aged  AChE  and  2-PAM 
provided  a  clue.  This  structure  revealed  that  the  oximate  func¬ 
tion  points  away  from  the  phosphorus  atom,  and  therefore  cannot 
attack  it.  Moreover,  in  the  case  of  aged  phosphoramidate-inhibited 
ChEs,  resistance  to  reactivators  may  result  from  the  conjunction  of 
steric  factors,  electron  delocalization  along  the  P-N-R  chain  due  to 
the  N  lone  pair,  and  stabilization  by  the  salt  bridge  [30,57]. 

6.  Perspectives 

6. 1 .  Modulation  of  aging  velocity 

Medical  counter  measures  against  OP  poisoning  in  cases  of  fast 
aging,  e.g.  acute  intoxication  by  soman,  could  be  improved  by  using 
drugs  capable  of  slowing  the  aging  process.  Molecular  dynamic 
simulations  indicated  that  the  PAS  and  the  catalytic  binding  site 
are  coupled  via  conformational  change  of  the  Q,  loop,  and  that 
mutation  of  D70/D74  slows  the  rate  of  aging  [21,34].  Therefore, 
it  is  conceivable  that  occupation  of  the  PAS  may  affect  the  rate  of 
aging  by  altering  interactions  between  aged  adduct  and  active  cen¬ 
ter  residues.  Allosteric  effectors  of  the  PAS  have  been  investigated. 
Bispyridinium  compounds  [58-60]  and  gallamine  [61]  showed  a 
moderate  reducing  effect  on  the  aging  rate.  Other  ligands  have 
been  found  to  slow  down  the  aging  rate,  e.g.  ketamine  [62]  and 
tacrine  [63].  None  of  these  compounds  was  found  to  be  of  practical 
interest  for  slowing  down  aging  in  vivo  in  association  with  other 
medical  counter  measures.  However,  new  generations  of  PAS  lig¬ 
ands  and  bifunctional  ligands  (i.e.  ligands  that  interact  with  both 
PAS  and  active  center  residues)  are  emerging.  Screening  of  libraries 
of  tethered  ligands  [64],  cyclic  peptides  [65],  and  bifunctional  lig¬ 
ands  produced  by  click  chemistry  [66]  has  already  been  fruitful  for 
discovery  of  new  cholinesterase  ligands.  Alternatively,  a  computer- 
aided  approach  based  on  flexible  docking  in  the  crystal  structure  of 
ChEs  appears  to  be  a  very  promising  strategy  [67]. 

6.2.  Is  reactivation  of  aged  ChEs  possible? 

Reactivation  of  aged  ChEs  is  a  challenge.  Solving  this  major 
issue  would  greatly  improve  medical  counter  measures,  in  partic¬ 
ular  against  acute  poisoning  by  soman.  Direct  reactivation  of  aged 
conjugates  using  oximes  has  not  been  possible  so  far.  Yet  thou¬ 
sands  of  oximes  have  been  synthesized.  However,  most  oximes 
have  been  designed  without  knowledge  of  the  three-dimensional 
structure  and  molecular  dynamics  of  phosphylated  enzymes.  Few 
structures  of  complexes  between  oximes  and  non-aged  and  aged 
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phosphylated  ChEs  have  been  reported  so  far  [37,68,69].  The  three- 
dimensional  structure  of  complexes  such  as  that  of  the  non-aged 
tabun-AChE  conjugate  with  the  oxime  H16-7  (Eig.  2)  explains  why 
reactivation  of  ChEs  inhibited  by  tabun  is  so  difficult  [68].  Indeed, 
the  X-ray  structure  shows  that  the  oximate  function  is  not  oriented 
toward  the  P  atom.  In  addition,  partial  electronic  delocalization 
reinforces  interactions  of  adduct  with  the  acyl-binding  pocket  and 
the  oxyanion  hole  [30].  Recent  works  of  Sanson  et  al.  [37]  provide 
a  rationale  to  understand  why  2-PAlVI  cannot  reactivate  the  aged 
enzyme:  X-ray  structure  of  complex  between  2-PAlVI  and  soman- 
aged  TcAChE  conjugate  shows  that  the  pyridinium  ring  of  2-PAlVI 
is  stacked  against  W84  and  the  oximate  function  points  away  from 
the  adduct.  Therefore,  lessons  from  crystallography  and  molecu¬ 
lar  dynamics  are  expected  to  provide  information  for  improving 
the  orientation  of  the  oxime  function  for  effective  attack  on  phos¬ 
phorus.  In  silico  design  of  new  oximes,  as  well  as  other  chemical 
strategies  mentioned  above  (click  chemistry,  combinational  chem¬ 
istry)  should  lead  to  new  generations  of  reactivators.  Another 
strategy  would  be  to  realkylate  aged  adduct  by  using  an  elec¬ 
trophilic  molecule,  and  then  to  displace  the  phosphotriester  with 
a  nucleophilic  compound.  Such  an  approach  is  difficult  because  of 
possible  non-specific  reactions  between  the  designed  electrophilic 
compound  and  multiple  biological  targets.  However,  several  elelec- 
trophilic  molecules  have  already  been  synthesized,  and  the  proof 
of  concept  established  (M.  Goeldner  et  al.,  unpublished  results). 

6.3.  Aging-resistant  cholinesterase  mutants  as  potential 
pseudocatalytic  bioscavengers 

Bioscavenger-based  ChEs  are  an  alternative  to  prophylaxis 
against  organophosphate  poisoning  [70],  and  administration  of 
bioscavengers  may  improve  efficacy  of  treatment  of  acute  nerve 
agent  poisoning.  However,  ChEs  act  as  stoichiometric  scavengers, 
so  that  efficacy  of  ChEs  in  OP  poisoned  humans  needs  administra¬ 
tion  of  large  doses  of  costly  enzymes.  The  future  of  the  bioscavenger 
approach  is  certainly  in  the  use  of  catalytic  scavengers  capable  of 
degrading  OPs  with  high  efficiency.  Efforts  to  convert  ChEs  into  effi¬ 
cient  catalytic  OP-hydrolases  have  not  been  successful  so  far  [71]. 
However,  mutants  of  ChEs  that  do  not  age  after  phosphylation  could 
be  used  in  association  with  oximes  as  pseudocatalytic  bioscav¬ 
engers.  Several  attempts  have  been  made  with  AChE  mutants 
[72-75],  and  this  approach  looks  promising. 
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We  have  identified  organophosphorus  agent  (OP)-tyrosine  adducts  on  12  different  proteins  labeled  with 
six  different  OP.  Labeling  was  achieved  by  treating  pure  proteins  with  up  to  40-fold  molar  excess  of  OP 
at  pH  8-8.6.  OP-treated  proteins  were  digested  with  trypsin,  and  peptides  were  separated  by  HPLC.  Frag¬ 
mentation  patterns  for  100  OP-peptides  labeled  on  tyrosine  were  determined  in  the  mass  spectrometer. 
The  goals  of  the  present  work  were  ( 1 )  to  determine  the  common  features  of  the  OP-reactive  tyrosines,  and 
(2)  to  describe  non-sequence  MSMS  fragments  characteristic  of  OP-tyrosine  peptides.  Characteristic  ions 
at  272  and  244  amu  for  tyrosine-OP  immonium  ions  were  nearly  always  present  in  the  MSMS  spectrum  of 
peptides  labeled  on  tyrosine  by  chlorpyrifos-oxon.  Characteristic  fragments  also  appeared  from  the  parent 
ions  that  had  been  labeled  with  diisopropylfluorophosphate  (216  amu),  sarin  (214  amu),  soman  (214  amu) 
or  FP-biotin  (227, 312, 329,  691  and  708  amu).  In  contrast  to  OP-reactive  serines,  which  lie  in  the  consen¬ 
sus  sequence  GXSXG,  the  OP-reactive  tyrosines  have  no  consensus  sequence.  Their  common  feature  is  the 
presence  of  nearby  positively  charged  residues  that  activate  the  phenolic  hydroxyl  group.  The  significance 
of  these  findings  is  the  recognition  of  a  new  binding  motif  for  OP  to  proteins  that  have  no  active  site  serine. 
Modified  peptides  are  difficult  to  find  when  the  OP  bears  no  radiolabel  and  no  tag.  The  characteristic  MSMS 
fragment  ions  are  valuable  because  they  are  identifiers  for  OP-tyrosine,  independent  of  the  peptide. 

©  2009  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Organophosphates  (OP)  have  long  been  known  to  react  with 
enzymes  of  the  serine  esterase  family  [1,2].  The  high-reactivity  of 


Abbreviations:  AChE,  acetylcholinesterase:  amu,  atomic  mass  unit;  BChE, 
butyrylcholinesterase;  CAM,  carbamidomethylated;  CID,  collision  induced 
dissociation:  CPO,  chlorpyrifos-oxon,  0,0-diethyl-(3,5,6-trichloro-2-pyridyl) 
phosphate:  DCV,  dichlorvos,  0,0-dimethyl-(2,2-dichloroethenyl)  phosphate: 
DEP,  diisopropylfluorophosphate,  0,0-diisopropyl  fluorophosphate:  EP-biotin, 
10-(fluoroethoxyphosphinyl)-N-(biotinamidopentyl)  decanamide:  EPB,  EP-biotin: 
LDso,  lethal  dose  for  50%  of  the  population:  MSMS,  tandem  mass  spectrome¬ 
try  fragmentation:  m/z,  mass  divided  by  charge:  OP,  organophosphate:  sarin, 
0-isopropylmethylphosphonofluoridate:  SDS  PAGE, ,  sodium  dodecyl  sulfate  poly¬ 
acrylamide  gel  electrophoresis:  soman,  0-pinacolylmethylphosphonofluoridate. 

This  paper  is  part  of  the  special  issue:  ‘Bioanalysis  of  Organophosphorus 
Toxicants  and  Corresponding  Antidotes’,  Harald  John  and  Horst  Thiermann 
(Guest  Editors). 
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acetylcholinesterase  [AChE,  EC  3.1.1. 7]  with  a  variety  of  OP  is  the 
basis  for  the  acute  toxicity  of  these  compounds  [3].  Covalent  reac¬ 
tion  of  the  OP  with  the  catalytic  serine  of  AChE  inactivates  the 
enzyme  causing  a  myriad  of  cholinergic  symptoms,  including  death 
[4].  Other  enzymes  can  be  covalently  labeled  by  OP  [5].  Reaction  of 
OP  with  some  of  these  may  explain  non-cholinergic  effects  of  OP. 

Recent  studies  have  demonstrated  that  OP  can  also  react  in 
vitro  with  tyrosine  on  a  variety  of  proteins  [6-11].  To  date,  we 
have  found  OP-tyrosine  adducts  on  12  different  proteins  (trans¬ 
ferrin,  serum  albumin,  kinesin  3C,  alpha  2-glycoprotein  1  zinc, 
pro-apolipoprotein  A-1,  keratin,  tubulin,  actin,  ATP  synthase,  ade¬ 
nine  nucleotide  translocase  1,  chymotrypsinogen  and  pepsin),  from 
four  different  species  (human,  cow,  mouse  and  pig)  labeled  with  six 
different  OP  (the  chemical  warfare  agents  soman  and  sarin,  the  pes¬ 
ticides  chlorpyrifos-oxon  and  dichlorvos,  and  research  compounds 
EP-biotin  and  diisopropylfluorophosphate). 

Reaction  of  OP  with  tyrosine  on  serum  albumin  has  been 
detected  in  vivo.  Mice  that  were  treated  with  5  mg/kg  of  EP-biotin 
showed  no  signs  of  OP- toxicity,  and  still  showed  1000-times  more 
OP-labeled  serum  albumin  than  OP-labeled  butyrylcholinesterase 
[BChE,  EC  3.1.1.8]  [12].  BChE  is  a  classical,  high-reactivity  OP  tar¬ 
get.  In  another  experiment,  guinea  pigs  treated  with  either  0.5 
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LD50  amounts  of  sarin  or  2-5  LD50  amounts  of  soman  (together 
with  medical  countermeasures  against  intoxication)  survived  and 
were  found  to  have  substantial  amounts  of  the  OP  bound  to  serum 
albumin  [13]. 

The  fact  that  a  variety  of  proteins  have  been  found  to  react 
with  OP  at  tyrosine,  coupled  with  the  fact  that  this  reaction  can 
occur  under  relatively  mild  conditions  in  vivo,  makes  tyrosine  an 
attractive  candidate  for  a  new,  physiologically  relevant  target  of  OP 
intoxication. 

To  further  explore  the  role  of  tyrosine  as  a  physiological  tar¬ 
get  for  OP  reaction,  markers  for  the  reaction  products  are  of 
value. 

Mass  spectrometry  is  an  excellent  tool  for  identifying  markers 
of  protein  modification.  Three  mass  spectral  features  can  be  used 
for  the  identification:  (1)  the  appearance  of  a  mass  in  the  MS  spec¬ 
trum  that  is  consistent  with  a  known  peptide  mass  plus  the  mass 
of  the  modification,  (2)  the  presence  of  a  gap  in  the  b-ion  or  y-ion 
sequence  from  an  MSMS  spectrum  that  is  consistent  with  the  mass 
of  a  modified  amino  acid,  (3 )  the  presence  of  fragments  in  the  MSMS 
spectrum  that  are  characteristic  of  the  modification. 

We  have  employed  tandem  quadrupole  electrospray  ionization 
mass  spectrometry  in  conjunction  with  collision  induced  dissocia¬ 
tion  (CID)  to  study  tyrosine-OP  containing  peptides.  All  three  types 
of  markers  have  been  found.  In  all  cases,  the  mass  of  the  parent 
ion  in  the  MS  spectrum  was  consistent  with  the  presence  of  the 
OP  label.  Manual  analysis  of  the  MSMS  spectra  from  the  labeled 
peptides  often  revealed  gaps  between  b-  and/or  y-ions  that  were 
consistent  with  the  mass  of  modified  tyrosine.  These  gaps  con¬ 
firmed  the  presence  of  the  OP  and  yielded  the  location  of  the  labeled 
residue  in  the  peptide  sequence.  Though  each  marker  provides  valu¬ 
able  information  for  the  identification  of  modified  peptides,  the 
characteristic  fragments  are  of  particular  value  because  they  are 
specific  identifiers  for  the  type  of  modification,  independent  of  the 
peptide. 

The  use  of  characteristic  MSMS  fragments  for  the  detection 
of  post-translational  modifications  was  introduced  by  Huddleston 
for  phosphorylation,  glycosylation  and  sulfonylation  [14].  Subse¬ 
quently,  characteristic  fragments  for  a  wide  variety  of  modifications 
have  been  identified.  Characteristic  fragments  are  frequently 
immonium  ions,  immonium  ion-derived  fragments,  or  side  chain 
fragments  [15].  Such  fragments  can  be  used  for  precursor  ion 
scanning  or  for  post-acquisition  analysis  using  extracted  ion  chro¬ 
matography.  Additional  fragments  resulting  from  neutral  loss 
reactions  involving  the  modified  amino  acid  are  also  common  [15]. 

We  have  found  sets  of  characteristic  fragments  for  tyrosine 
adducts  with  soman,  sarin,  chlorpyrifos-oxon,  dichlorvos,  FP-biotin, 
and  diisopropylfluorophosphate.  Characteristic  fragments  include 
ions  that  are  parts  of  the  labeled  tyrosine  (immonium  ions  and 
immonium  ion-derived  fragments);  ions  that  appear  as  the  result 
of  neutral  loss  (neutral  bits  of  the  OP  that  are  removed  from  the  par¬ 
ent  ion  or  sequence  ions);  and  ions  that  there  are  unique  fragments 
of  the  OP  itself  (found  for  FP-biotin). 

This  presentation  has  three  goals.  The  first  goal  is  to  describe 
the  characteristic  ions  for  the  various  OP  labels,  along  with  the 
frequency  at  which  each  appears  and  the  relative  intensity  of  the 
signals.  The  second  goal  is  to  explore  the  environment  of  the  labeled 
peptides  in  an  attempt  to  establish  factors  that  could  promote 
the  reaction  of  tyrosine  with  OP.  We  have  found  that  tyrosines 
which  are  susceptible  to  reaction  with  OP  frequently  lie  within 
6  A  of  a  positively-charged  group  (lysine,  arginine,  or  histidine). 
This  suggests  that  charge-charge,  through-space  ion-pairing  may 
be  lowering  the  pK^  for  these  tyrosines,  making  them  better  nucle¬ 
ophiles  that  are  more  capable  of  reacting  with  OP.  The  third  goal  is 
to  establish  tyrosine  as  a  site  for  reaction  of  OP  with  proteins.  This 
is  consistent  with  the  wide  distribution  of  proteins  that  contain 
tyrosines  which  react  with  OP. 


2.  Methods  and  materials 

The  majority  of  the  OP-labeled  peptides  reported  in  this  arti¬ 
cle  were  taken  from  previously  published  reports,  but  a  few  were 
never  before  described.  Preparation  of  the  unreported  peptides  is 
described  below. 

2.1.  Sample  preparation  for  mass  spectrometry 

Bovine  actin  was  purchased  from  Sigma  (St.  Louis,  MO,  cat# 
3653).  It  was  dissolved  in  130  fxl  of  10  mM  ammonium  bicarbonate, 
pH  8.3,  to  give  a  final  concentration  of  48  p.M.  Then  it  was  incu¬ 
bated  with  48,  240  or  2400  puM  chlorpyrifos-oxon  (CPO)  at  37  °C 
for  24  h.  The  samples  were  boiled  for  10  min  to  denature  the  pro¬ 
tein  then  reduced  with  10  mM  dithiothreitol  (Fisher  Biotech,  Fair 
Lawn,  NJ,  cat#  BP172-25,  electrophoresis  grade),  alkylated  with 
50  mM  iodoacetamide  (Sigma  cat#  16125),  and  dialyzed  against  41 
of  10  mM  ammonium  bicarbonate,  pH  8.3,  for  18  h  with  one  change 
of  buffer.  The  dialyzed  proteins  were  digested  with  trypsin  (porcine, 
sequencing  grade  modified  trypsin  cat#  V5113,  reductively  methy¬ 
lated,  TPCK  treated  from  Promega,  Madison,  Wl)  at  37  °C  overnight. 
This  preparation  was  used  directly  for  MALDl  mass  spectrometry. 
A  portion  of  the  sample  was  dried  in  a  vacuum  centrifuge  and 
redissolved  in  5%  acetonitrile/95%  water/0.1  %  formic  acid  to  yield 
approximately  3-5  pmol  of  peptide/p.1  (assuming  no  losses  during 
processing)  for  analysis  via  electrospray-ionization,  tandem  triple- 
quadrupole  mass  spectrometry.  Labeled  peptides  were  identified 
using  the  MALDl  TOF  mass  spectrometer.  Theoretical  peak  lists  were 
generated  for  the  masses  of  the  tryptic  peptides  from  actin  plus  the 
added  mass  of  CPO.  These  masses  were  compared  to  the  observed 
masses.  Observed  masses  that  matched  the  theoretical  masses  were 
taken  as  candidates  for  CPO  labeled  peptides.  Peptides  identified 
in  this  manner  were  confirmed  by  manual  analysis  of  the  MSMS 
spectrum. 

Human  epidermal  keratin  was  purchased  from  Sigma  (St  Louis, 
MO)  (cat#  1<0253)  as  a  denatured  mixture  of  keratins  in  8M 
urea  plus  0.1  M  beta-mercaptoethanol.  It  was  renatured  by  dialy¬ 
sis  against  25  mM  Tris/Cl,  pH  7.5  overnight  [16].  Then  it  was  treated 
with  2  mM  CPO  and  analyzed  in  the  same  manner  as  described  for 
bovine  actin. 

Human  pro-apolipoprotein  A-1  was  identified  from  a  human 
serum  sample.  A  200  p.1  aliquot  of  serum  was  separated  into  high 
abundance  and  low  abundance  proteins  using  the  Beckman  Coul¬ 
ter  Proteome  IgY  spin  column  depletion  kit  (Beckman  Coulter, 
Fullerton,  CA,  cat#  24331).  The  high  abundance  fraction  (240  p.1 
containing  7.9  pug  protein/p.1)  was  incubated  with  1.25  mM  diiso¬ 
propylfluorophosphate  (DFP  from  Sigma  cat#  D0879)  at  37  °C 
overnight.  The  sample  was  denatured  in  8  M  urea,  reduced  with 
5  mM  dithiothreitol,  alkylated  with  40  mM  iodoacetamide,  dialyzed 
against  41  of  10  mM  ammonium  bicarbonate  overnight  (with  two 
changes  of  buffer)  and  digested  with  trypsin  (porcine,  sequencing 
grade)  at  37  °C  for  48  h.  The  product,  containing  4.4  p.g  protein/p.1, 
was  fractionated  by  strong  cation  exchange  chromatography  using 
a  Polysulfoethyl  A  column  (200  mm  long  x  2.1  mm  diameter  from 
PolyLC,  Columbia,  MD)  on  a  Waters  HPLC  system  (Waters,  Mil¬ 
ford,  MA)  with  a  40  min  gradient  starting  at  100%  solvent  A  and 
ending  at  50%  solvent  A  and  50%  solvent  B,  where  solvent  A 
was  10  mM  ammonium  formate,  pH  3.0,  plus  25%  acetonitrile 
and  solvent  B  was  500  mM  ammonium  formate,  pH  6.8,  plus  25% 
acetonitrile.  Fractions  were  dried  in  a  vacuum  centrifuge  and  resus¬ 
pended  in  5%  acetonitrile/95%  water/0.1  %  formic  acid  for  analysis 
by  electrospray-ionization  triple-quadrupole  mass  spectrometry. 

The  preparation  of  the  human  serum  samples  from  which  the 
unassigned  peptides  were  obtained,  was  very  similar  to  that  used 
for  pro-apolipoprotein  A-l.  The  first  major  difference  was  that  the 
serum  was  reacted  with  200  puM  FP-biotin  for  48  h  at  37  °C.  Then 
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after  denaturation,  reduction,  alkylation,  dialysis  and  tryptic  diges¬ 
tion,  the  FP-biotinylated  peptides  were  extracted  using  monomeric 
avidin-agarose  beads  (Pierce,  Rockford,  IL  cat#  20228).  The  beads 
were  washed  with  0.5  M  sodium  chloride  in  0.1  M  Tris/Cl  buffer,  pH 
8.6,  followed  by  20  mM  Tris/Cl,  pH  7.5.  The  FP-biotinylated  peptides 
were  eluted  with  10%  acetic  acid.  The  eluate  was  dried  in  a  vac¬ 
uum  centrifuge  and  resuspended  in  5%  acetonitrile/95%  water/0.1  % 
formic  acid  in  preparation  for  analysis  by  electrospray-ionization 
triple-quadrupole  mass  spectrometry.  Labeled  peptides  were  iden¬ 
tified  by  extracted  ion  chromatography  utilizing  the  characteristic 
masses  of  227, 312  and  329  amu  derived  from  FP-biotin. 

2.2.  MALDI  mass  spectrometry 

Generally,  1  p.1  of  tryptic  digest  (20-50  pmol/p.1,  assuming  no 
losses  during  processing)  was  air  dried  onto  a  384  well  Opti- 
TOF  sample  plate  (Applied  Biosystems,  Foster  City,  CA,  #1016491) 
and  then  overlaid  with  1  p.1  of  alpha-cyano-4-hydroxy  cinnamic 
acid  solution  (CHCA,  10  mg/ml  from  Fluka  cat#  70990).  CHCA  was 
recrystallized  before  use  then  dissolved  to  10  mg/ml  in  50%  acetoni- 
trile/50%water/0.1%  trifluoroacetic  acid.  Mass  spectra  and  collision 
induced  MSMS  spectra  were  collected  in  positive  ion  reflector  mode 
with  a  MALDI  TOF  TOF  4800  mass  spectrometer  (Applied  Biosys¬ 
tems).  The  final  spectrum  was  the  average  of  500  laser  shots.  The 
mass  spectrometer  was  calibrated  before  each  use  with  CalMix  5 
(Applied  Biosystems). 

2.3.  Quadrupole  mass  spectrometry 

Ten  microliters  of  tryptic  digest  (30-50  pmol)  were  injected  onto 
an  HPLC  nanocolumn  (218MS3.07515  Vydac  C18  polymeric  reverse 
phase,  75  p.m  l.D.  -  150  mm  long;  P.J.  Cobert  Assoc,  St.  Louis,  MO). 
Peptides  were  separated  with  a  90  min  linear  gradient  from  5%  to 
60%  acetonitrile  at  a  flow  rate  of  0.3  |jLl/min  and  electrosprayed 
through  a  fused  silica  emitter  (360  p.m  O.D.,  75  p.m  l.D.,  15  |jLm  taper. 
New  Objective,  Woburn,  MA)  directly  into  the  QTRAP  2000,  a  hybrid 
quadrupole  linear  ion  trap  mass  spectrometer  (Applied  Biosys¬ 
tems).  An  ion-spray  voltage  of  1900  V  was  maintained  between 
the  emitter  and  the  mass  spectrometer.  Information  dependent 
acquisition  was  used  to  collect  MS,  high  resolution  MS,  and  MSMS 
spectra.  All  spectra  were  collected  in  the  enhanced  mode,  using  the 
trap  function.  The  three  most  intense  MS  peaks  in  each  cycle  having 
masses  between  200  and  1700  m/z,  charge  of +1  to  +4,  and  intensi¬ 
ties  greater  than  10,000  counts  per  second  were  selected  for  high 
resolution  MS  and  MSMS  analysis.  Precursor  ions  were  excluded 
for  30  s  after  one  MSMS  spectrum  had  been  collected.  MSMS  frag¬ 
mentation  was  obtained  by  collision  induced  dissociation  (CID).  The 
collision  cell  was  pressurized  to  40  ixTorr  with  pure  nitrogen.  Colli¬ 
sion  energies  between  20  and  40  eV  were  determined  automatically 
by  the  software,  based  on  the  mass  and  charge  of  the  precursor  ion. 
The  mass  spectrometer  was  calibrated  on  selected  fragments  from 
the  MSMS  spectrum  of  human  Glu-flbrinopeptide  B  (Sigma  cat# 
F3261). 

2.4.  Strategies  for  finding  OP-labeled  peptides 

The  discovery  that  tyrosines  could  be  labeled  by  OP  arose  from  a 
general  search  for  proteins  capable  of  reacting  with  OP.  The  strategy 
for  the  initial  part  of  that  search  was  taken  from  Cravatt  and  co¬ 
workers  [17,18],  and  employed  the  OP  probe  that  they  introduced 
(FP-biotin).  One  advantage  of  using  FP-biotin  as  a  probe  is  that  the 
biotin  tag  allowed  puriflcation  of  the  labeled  protein.  In  general, 
the  strategy  consisted  of  the  following:  A  crude  protein  preparation 
was  labeled  with  10  p.M  FP-biotin  in  pH  8.0  buffer.  The  labeled  pro¬ 
teins  were  extracted  from  the  crude  mixture  using  avidin-agarose. 
The  extracted  proteins  were  separated  by  SDS  PAGE.  The  presence 


of  the  FP-biotinylated  proteins  was  confirmed  by  staining  a  blot  of 
the  PAGE  gel  with  streptavidin-Alexa  680  (a  fluorescent  dye).  Pro¬ 
teins  present  in  sufficient  quantity  for  mass  spectral  analysis  were 
identifled  by  staining  a  second  gel  with  Coomassie  Blue.  Stained 
bands  were  cut  from  the  gel  and  subjected  to  in-gel  tryptic  diges¬ 
tion.  Finally,  the  tryptic  digests  were  subjected  to  mass  spectral 
analysis  to  identify  the  proteins  that  were  present  in  the  stained 
bands.  This  process  is  described  in  more  detail  by  [12,19,20]. 

The  primary  difficulty  with  the  search  strategy  described  above 
is  that  the  labeled  peptides  were  not  observed,  so  that  proof  for 
covalent  binding  of  OP  to  proteins  was  indirect.  Indirect  evidence 
was  acceptable  for  serine  hydrolases,  but  not  for  proteins  that  had 
no  active  site  serine.  To  And  and  characterize  the  labeled  peptides, 
purifled  preparations  of  proteins  that  were  identifled  in  the  initial 
screening  were  studied.  This  second-stage  strategy  consisted  of  the 
following:  purifled  proteins  were  labeled  with  FP-biotin.  Labeled 
protein  was  proteolyzed.  Labeled  peptides  were  extracted  with 
monomeric  avidin-agarose.  Finally,  the  peptides  were  subjected  to 
mass  spectral  analysis.  Description  of  this  process  can  be  found  in 
[9,10].  In  another  strategy  a  crude  preparation  of  human  plasma 
was  labeled  with  FP-biotin,  digested  with  trypsin  and  the  labeled 
peptides  extracted  with  monomeric  avidin-agarose  [10,21].  With 
this  process,  labeled  peptides  could  be  successfully  retrieved  and 
characterized. 

The  third  stage  of  the  strategy  tested  the  reactivity  of  pure  pro¬ 
teins  with  OP  that  had  no  biotin  tag.  The  OP-treated  preparation 
was  digested,  and  the  peptides  were  analyzed  mass  spectrally. 
The  masses  of  the  known  OP-reactive  peptides  plus  the  added 
mass  from  the  new  OP  could  be  calculated  and  the  MS  spectrum 
searched  for  their  presence.  Characteristic  ion  masses  provided 
means  of  searching  through  the  MSMS  data  to  locate  peptides 
expected  to  become  labeled,  and  to  locate  new  peptides  that  might 
have  become  labeled.  For  most  OP,  the  characteristic  ion  masses 
are  too  small  and  not  sufficiently  unique  to  serve  as  satisfactory 
search  criteria  for  MSMS  spectra  from  complex  mixtures,  unless 
a  mass  spectrometer  of  high  mass  accuracy  is  used,  but  they 
are  fully  adequate  for  searching  MSMS  spectra  from  pure  protein 
digests.  This  means  the  protein  of  interest  has  to  be  purifled  from 
a  complex  mixture  such  as  brain  in  order  to  And  the  OP-labeled 
peptide.  Support  for  the  conclusion  that  a  peptide  is  labeled  with 
OP  on  tyrosine  comes  from  the  presence  in  an  MSMS  spectrum 
of  the  characteristic  OP-tyrosine  immonium  ions  identifled  in  this 
report. 

3.  Results  and  discussion 

3.1.  Distribution  of  OP  labels 

We  found  OP-labeled  tyrosines  on  60  different  tryptic  pep¬ 
tides.  These  peptides  included  two  from  human  transferrin;  six 
from  human  serum  albumin;  one  from  human  kinesin  1<1F3C  motor 
domain;  four  from  unidentified  proteins  in  human  plasma;  three 
from  human  alpha  2-glycoprotein  1,  zinc;  one  from  human  pro- 
apolipoprotein  A-1;  four  from  human  keratin  1;  one  from  human 
keratin  2;  one  from  human  keratin  9;  two  from  human  keratin  10; 
one  from  bovine  serum  albumin;  nine  from  bovine  tubulin  alpha; 
seven  from  bovine  tubulin  beta;  six  from  bovine  actin  alpha,  skele¬ 
tal  muscle;  one  from  bovine  chymotrypsinogen;  flve  from  mouse 
transferrin;  one  from  mouse  ATP  synthase;  one  from  mouse  ade¬ 
nine  nucleotide  translocase  1;  one  from  mouse  tubulin  beta;  one 
from  pig  pepsin  and  two  synthetic  peptides  (See  Table  1).  There 
were  11  peptides  that  contained  more  than  one  tyrosine.  Of  these, 
six  could  be  labeled  on  more  than  one  tyrosine,  and  two  of  those 
(EEY*NGY*TGAFR  and  LY*LGHNY*VTA1R  from  mouse  transferrin) 
could  be  labeled  on  two  tyrosines  simultaneously,  though  double 
labeling  was  not  always  observed. 
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Table  1 

OP-labeled  tyrosine-containing  peptides  observed  in  tryptic  digests. 


No. 

Species 

Protein 

Peptide^ 

gi  number^ 

OPd 

Reference 

1 

Human 

Transferrin 

KPVDEY*K 

136191 

FPB,  DFP,  DCV,  CPO,  soman 

[10] 

2 

Human 

Transferrin 

KPVEEY*ANCHLAR 

136191 

FPB,  DFP,  CPO,  sarin,  soman 

[10] 

3 

Human 

Serum  Albumin 

Y*TK 

28592 

FPB,  CPO,  DFP 

[7,13,21] 

4 

Human 

Serum  Albumin 

HPY*FY*APELLFFAK 

28592 

FPB,  CPO 

[21] 

5 

Human 

Serum  Albumin 

Y*LYE1AR 

28592 

FPB,  CPO 

[21] 

6 

Human 

Serum  Albumin 

QNCELFEQLGEYU< 

28592 

FPB,  CPO 

[21] 

7 

Human 

Serum  Albumin 

MPCAEDY^LSWLNQLCLHEK 

28592 

FPB,  CPO 

[21] 

8 

Human 

Serum  Albumin 

YU<AAFTECCQAADK 

28592 

CPO 

[21] 

9 

Human 

Kinesin  3C  motor  domain  5 

ASYY*LE1YQ,EE1R 

41352705 

FPB 

[20] 

10 

Human 

Serum  Unknown 

AY*PR 

- 

FPB 

This  work 

11 

Human 

Serum  Unknown 

Y*PR 

- 

FPB 

This  work 

12 

Human 

Serum  Unknown 

Y*L/1K 

- 

FPB 

This  work 

13 

Human 

Serum  Unknown 

YU< 

- 

FPB 

This  work 

14 

Human 

a2-Glycoprotein  1,  zinc 

WEAEPVY*VQR 

51094610 

FPB 

[20] 

15 

Human 

a2-Glycoprotein  1,  zinc 

AY*LEEECPATLR 

51094610 

FPB 

[20] 

16 

Human 

a2-Glycoprotein  1,  zinc 

YY^YDGKDYIEFNK'^ 

51094610 

FPB 

[20] 

17 

Human 

Pro-apolipoprotein  A-1 

DY*VSQFEGSALGK 

178775 

DFP 

This  work 

18 

Human 

Keratin  1  renatured 

LLRDY*QELMNTK 

119395750 

CPO 

This  work 

19 

Human 

Keratin  1  renatured 

SGGGFSSGSAG11NY*QR 

119395750 

CPO 

This  work 

20 

Human 

Keratin  1  renatured 

THLEPY*FESF1NNLR 

119395750 

FPB,  CPO 

[20] 

21 

Human 

Keratin  1  renatured 

Y^EELQITAR 

119395750 

CPO 

This  work 

22 

Human 

Keratin  2  renatured 

Y*LDGLTAER 

181402 

CPO 

This  work 

23 

Human 

Keratin  9  renatured 

QFSSSY*LSR 

435476 

CPO 

This  work 

24 

Human 

Keratin  10  renatured 

LKY*ENEVALR 

47744568 

CPO 

This  work 

25 

Human 

Keratin  10  renatured 

LASY*LDK 

47744568 

CPO 

This  work 

26 

Bovine 

Serum  albumin 

Y*TR 

30794280 

FPB,  CPO,  DFP 

[6] 

27 

Bovine 

Tubulin  alpha 

TGTY*R 

73586894 

FPB,  DFP,  CPO 

[9] 

28 

Bovine 

Tubulin  alpha 

AFVHWY*VGEGMEEGEFSEAR 

73586894 

CPO 

[23] 

29 

Bovine 

Tubulin  alpha 

EDAANNY^AR 

73586894 

CPO 

[23] 

30 

Bovine 

Tubulin  alpha 

1HFPLATY*APV1SAEK 

73586894 

CPO 

[23] 

31 

Bovine 

Tubulin  alpha 

FDGALNVDLTEFQTNLVPY*PR 

73586894 

CPO 

[23] 

32 

Bovine 

Tubulin  alpha 

GHY*T1GK 

73586894 

CPO 

[23] 

33 

Bovine 

Tubulin  alpha 

VG1NY*QPPTVVPGGDLAK 

73586894 

CPO 

[23] 

34 

Bovine 

Tubulin  alpha 

FDLMY*AK 

73586894 

CPO 

[23] 

35 

Bovine 

Tubulin  alpha 

LSVDY*GK 

73586894 

CPO 

[23] 

36 

Bovine 

Tubulin  beta 

Y*VPR 

75773583 

FPB,  DFP,  CPO,  soman 

[9] 

37 

Bovine 

Tubulin  beta 

GSQ,QY*R 

75773583 

FPB,  DFP,  CPO,  sarin,  soman 

[9] 

38 

Bovine 

Tubulin  beta 

EEY*PDR 

75773583 

FPB,  DFP,  CPO 

[9] 

39 

Bovine 

Tubulin  beta 

Y*LTVAAVFR 

75773583 

CPO 

[23] 

40 

Bovine 

Tubulin  beta 

GHY*TEGAELVDSVLDVVR 

75773583 

CPO 

[23] 

41 

Bovine 

Tubulin  beta 

invy*y*neatggk 

75773583 

CPO 

[23] 

42 

Bovine 

Tubulin  beta 

NSSY*FVEW1PNNVK 

75773583 

CPO 

[23] 

43 

Bovine 

Actin  alpha  skeletal  muscle 

GY^SFVTTAER 

62287933 

FPB 

[20] 

CPO 

This  work 

44 

Bovine 

Actin  alpha  skeletal  muscle 

DSY*VGDEAQ,SK 

62287933 

FPB 

[20] 

45 

Bovine 

Actin  alpha  skeletal  muscle 

SY*ELPDGQyiTlGNER 

62287933 

CPO 

This  work 

46 

Bovine 

Actin  alpha  skeletal  muscle 

1WHHTFY*NELR 

62287933 

CPO 

This  work 

47 

Bovine 

Actin  alpha  skeletal  muscle 

QEY^DEAGPSIVHR 

62287933 

CPO 

This  work 

48 

Bovine 

Actin  alpha  skeletal  muscle 

DLTDY*LMK 

62287933 

CPO 

This  work 

49 

Bovine 

Chymotrypsinogen 

Y*TNANTPDR 

194674931 

FPB 

[20] 

50 

Mouse 

Transferrin 

KPVDQY*EDCY*LAR 

21363012 

FPB,  DFP,  CPO,  sarin,  soman 

[10] 

51 

Mouse 

Transferrin 

LY*LGHNY*VTA1R 

21363012 

FPB,  CPO 

[10] 

52 

Mouse 

Transferrin 

EEY*NGY*TGAFR 

21363012 

FPB,  CPO 

[10] 

53 

Mouse 

Transferrin 

FDEFFSQ,GCAPGY*EK 

21363012 

FPB,  CPO 

[10] 

54 

Mouse 

Transferrin 

GY*Y*AVAVVK 

21363012 

FPB,  CPO,  DFP,  sarin,  soman 

[10] 

55 

Mouse 

ATP  Synthase 

1LQDYU< 

20455479 

FPB 

[20] 

56 

Mouse 

Adenine  Nucleotide  Translocase  1 

Y*FPTQALNFAFK 

902008 

FPB 

[20] 

57 

Mouse 

Tubulin  beta 

invy*y*neaagnk 

21746161 

CPO 

This  work 

58 

Porcine 

Pepsin 

QYY*TVFDR 

1302650 

FPB 

[20] 

59 

Synthetic 

peptide 

RY*TR 

CPO 

[10] 

60 

Synthetic 

peptide 

SY*SM 

DCV 

[10] 

^  Y*  indicates  the  labeled  tyrosine.  For  peptides  showing  two  Y*,  either  one  or  the  other  tyrosine  was  labeled. 

The  position  of  the  label  is  unclear  for  this  peptide.  Either  the  first  or  second  Y  from  the  N-terminus  could  have  been  labeled. 
The  gi  number  is  the  NCBl  accession  number  for  the  protein  in  PubMed. 

^  FPB  =  FP-biotin;  CPO  =  chlorpyrifos-oxon:  DFP  =  diisopropyl  fluorophosphate;  DCV  =  dichlorvos. 


Each  labeled  peptide  exhibited  the  mass  expected  of  the  OP- 
adduct  (to  within  0.1  amu).  The  sequence  of  each  peptide  was 
confirmed  by  manual  analysis  of  the  CID  MSMS  spectrum.  The 
location  of  the  labeled  amino  acid  could  generally  be  established 
directly  from  the  observed  sequence.  Finally,  characteristic,  non¬ 
sequence  masses  were  identified  that  supported  the  proposed 
labeling. 


Proteins  for  which  we  could  find  no  FP-biotin-labeled  peptides 
included  porcine  gelatin,  bovine  RNase,  chicken  lysozyme,  bovine 
DNase  1,  human  IgG  and  bovine  insulin.  Our  inability  to  find  OP- 
labeled  peptides  in  these  pure  proteins  treated  with  a  20-fold  molar 
excess  of  FP-biotin  does  not  rule  out  the  possibility  that  these  pro¬ 
teins  can  be  labeled  by  OP.  For  example,  hen  egg  white  lysozyme 
incorporates  1  mol  of  DFP  per  mole  of  lysozyme  (on  tyrosine)  at  pH 
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Table  2 

Structures  of  organophosphorus  agents  bound  to  tyrosine. 


1301 


Structure  of  the  added  mass 


CKjCH^O-P-O-CHgCHg 


CH3O-P-O-CH3 
CH3  O 

CH3-CH-O-P-CH3 
CHs  CH3 

II 

CH3  0-P--CH3 


Added  mass  (amu) 


Organophosphorus  agent 


572 


FP-biotin 


164 

Diisopropylfluorophosphate  (DFP) 

136 

Chlorpyrifos-oxon  (CPO) 

108 

Dichlorvos  (DCV) 

120 

Sarin 

162 

Soman 

The  arrows  in  the  FP-biotin  structure  indicate  fragmentation  sites.  A  227  amu  ion  is  produced  by  cleavage  between  carbon  16  and  the  adjacent 
nitrogen.  A  329  amu  ion  is  produced  by  cleavage  between  carbon  10  and  the  adjacent  nitrogen.  The  312  amu  ion  is  produced  by  loss  of  amine 
from  the  329  amu  ion.  Added  mass  refers  to  the  mass  of  the  OP  that  remains  covalently  attached  to  the  target  amino  acid  after  the  reaction  is 
complete.  All  OP  were  attached  to  the  phenolic  oxygen  of  tyrosine  through  the  phosphorus  atom. 


9.5  when  the  DFP  concentration  is  in  300-fold  molar  excess  [22]. 
The  OP-labeled  lysozyme  does  not  lose  its  esterase  activity  with 
p-nitrophenyl  acetate. 

3.2.  OP  characteristic  fragments 

We  employed  six  different  organophosphorus  agents  in  these 
studies:  soman  and  sarin  (chemical  warfare  agents),  chlorpyrifos- 
oxon  and  dichlorvos  (commercial  pesticides),  and  FP-biotin  and 
diisopropylfluorophosphate  (research  reagents).  Table  2  gives  the 
OP  structures  and  their  added  masses,  after  the  OP  have  made  a 
covalent  bond  with  tyrosine. 

The  reaction  between  OP  and  tyrosine  is  illustrated  in  Fig.  1. 
Soman  makes  a  covalent  bond  with  the  phenolic  oxygen  of  tyrosine 
and  simultaneously  releases  fluoride.  The  reaction  product  has  an 
added  mass  of  162  amu.  The  OP-tyrosine  adduct  is  stable  and  does 
not  undergo  the  dealkylation  reaction  called  “aging”  that  is  typical 
of  soman  adducts  on  acetylcholinesterase. 

Many  of  the  60  peptides  described  in  Table  1  were  labeled  with 
more  than  one  OP.  Consequently,  a  total  of  100  variously-labeled 
peptides  could  be  assembled:  6  labeled  with  soman,  4  with  sarin, 
45  with  chlorpyrifos-oxon,  2  with  dichlorvos,  32  with  FP-biotin, 


H3C-C— C-0  CH3 


CH3H 


and  11  with  diisopropylfluorophosphate.  Each  peptide  was  labeled 
on  tyrosine.  Each  type  of  labeled  tyrosine  generated  characteristic 
non-sequence  ions  upon  low-energy,  collision  induced  dissociation 
(CID)  in  the  mass  spectrometer  (QTRAP  2000,  Applied  Biosystems). 
Collision  energies  were  set  at  20-60  eV  and  nitrogen  was  used  as 
the  collision  gas,  at  4  x  10“^  Torn 

The  non-sequence  fragments  can  be  divided  into  three  cate¬ 
gories:  (1)  those  that  arise  by  neutral  loss  of  a  side-chain  from  an 
OP-tyrosine  adduct  of  the  parent  ion  or  a  fragment  ion,  (2)  those 
that  are  OP-tyrosine  immonium  ions  or  derivatives  of  OP-tyrosine 
immonium  ions,  and  (3)  those  that  arise  by  fragmentation  that  is 
speciflc  to  FP-biotin  (329.4,  312.4  and  227.2  amu,  see  Table  3  or 
reference  [6]). 

3.3.  Neutral  loss  of  a  side- chain  from  CPO,  DFP,  soman  and  sarin 
adducts 

In  the  context  of  these  experiments,  neutral  loss  from  CPO,  DFP, 
soman  and  sarin  refers  to  the  loss  of  an  alkyl  side-chain  from  an 
OP-tyrosine  adduct.  It  does  not  refer  to  loss  of  the  entire  OP  from 
the  tyrosine.  None  of  the  100  OP-tyrosine  peptide  MSMS  spectra  we 
examined  showed  loss  of  the  entire  OP  from  tyrosine.  In  contrast. 


Fig.  1.  Modification  of  tyrosine  by  soman  to  make  a  stable  covalent  bond. 
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Table  3 

OP- tyrosine  characteristic  product  ions^. 

Mass  (amu)*’ 

Name 

Structure 

Relative  intensity‘s 

Dichlorvos  2  tryptic  peptide  analyzed 

244.0 

Dimethoxyphospho  Tyr  immonium 

yO-P-OCHj 
^ ^  OCH3 

100 

100 

Chlorpyrifos-oxon  45  tryptic  peptides  analyzed 

272.3 

Diethoxyphospho  Tyr  immonium 

^NHg=CHCHg<(  ^O-P-OCH^Hs 

OCH2CH3 

92 

6-100 

253.5 

Diethoxyphospho  Tyr  immonium-NHa 

5 

4 

254.2 

Diethoxyphospho  Tyr  immonium-H20 

2 

4 

244.3 

Monoethoxyphospho  Tyr  immonium 

Q 

*NHg=CHCHg^^  yO-g-OCH^CHa 

75 

30-100 

226.1 

Monoethoxyphospho  Tyr  immonium-H20 

16 

2-38 

216.1 

Phospho  Tyr  immonium 

^NHg=CHCHg^  ^g-OH 

30 

3-77 

198.1 

Phospho  Tyr  immonium-H20 

2 

16 

Diisopropylfluorophosphate  11  tryptic  peptides  analyzed 

328.8 

Diisopropoxyphospho  Tyr 

1  '^CHCh/  >0-P-0CH(CH3)2 

0=0-/  6cH(CH3),  ' 

9 

23 

311.8 

Diisopropoxyphospho  Tyr-NHs 

XH2  0 

9 

9 

286.2 

Monoisopropoxyphospho  Tyr 

^  ^g-OCH(CH3)2 

9 

6 

258.1 

Monoisopropoxyphospho  Tyr  immonium 

*NH^CHCHg<^^  ^0-g-OCH(CH3)g 

9 

4 

244.2 

Phospho  Tyr 

1  ^CHCHjC  V)-p-oh 

o=c-^  ^  6h 

9 

60 

226.0 

Phospho  Tyr-H20 

18 

8-100 

216.1 

Phospho  Tyr  immonium 

^NHg=CHCl^^"^0-g-QH 

91 

4-100 

199.2 

Phospho  Tyr  immonium-NHs 

9 

24 

198.1 

Phospho  Tyr  immonium-H20 

27 

6-22 

Sarin  4  tryptic  peptides  analyzed 

214.1 

Methylphospho  Tyr  immonium 

Q 

•^NHg=CHCHg<^^  )>‘0-g-CH3 

100 

100 

Soman  6  tryptic  peptides  analyzed 

214.2 

Methylphospho  Tyr  immonium 

(j) 

•^NH^=CHCI-lg^^  ^O-g-CHg 

83 

10-95 

FP-Biotin  32  tryptic  peptides  analyzed 


329.4  FPB  fragment 


312.4 


FPB  fragment 


6-100 


7-100 


4-100 


227.2 


FPB  fragment 
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Table 3  (Continued) 


^  All  masses  are  for  the  protonated,  dehydro  form  of  the  amino  acid. 

^  Masses  are  given  as  the  average  of  all  measurements  made  from  the  quadrupole  tandem  mass  spectrometer. 

%  refers  to  the  fraction  of  the  tryptic  peptides  that  exhibited  this  mass. 

^  Relative  intensity  is  given  as  a  range,  which  refers  to  the  intensity  of  the  mass  relative  to  the  most  intense  peak  in  the  MSMS  spectrum.  This  value  is  given  as  a  percentage. 
Entries  without  a  range  represent  masses  which  appeared  only  once,  except  for  the  214.1  amu  entry  for  sarin  which  appeared  for  all  3  peptides  as  the  most  intense  peak  of 
the  spectrum. 


phosphorylated-tyrosine  can  lose  the  entire  phosphate,  though  in 
low  yield  [24]. 

The  neutral  loss  of  alkyl  side-chains  from  OP  in  the  gas  phase 
can  be  attributed  to  McLafferty  rearrangement  [25].  This  rearrange¬ 
ment  (Fig.  2)  requires  the  availability  of  a  proton  on  a  carbon  atom 
beta  to  the  phosphorus  oxygen.  Loss  of  the  alkyl  group  occurs 
with  concomitant  transfer  of  the  beta-proton  to  the  phosphyl- 
oxygen,  via  a  six-membered  transition  state,  and  formation  of  a 
carbon-carbon  double  bond  between  the  alpha  and  beta  carbons 
in  the  alkyl  group.  Under  low-energy  CID  conditions,  this  is  a  facile 
reaction. 

McLafferty  rearrangement  is  sometimes  referred  to  as  beta- 
elimination,  by  analogy  with  the  hydroxide-catalyzed  elimination 
of  phosphate  from  phosphoserine  and  phosphothreonine  in  solu¬ 
tion  chemistry.  McLafferty  rearrangement/beta  elimination  is 
responsible  for  the  well-documented  release  of  phosphate  from 
phosphoserine  and  phosphothreonine  during  CID  [24].  This  mech¬ 
anism  also  provides  the  primary  justification  for  why  release  of 
phosphate  (or  organophosphate)  from  phosphotyrosine  is  chemi¬ 
cally  unfavorable,  i.e.  the  beta  proton  in  phosphotyrosine  is  on  an 
aromatic  ring  and  therefore  not  readily  released. 

Most  of  the  alkoxy  side-chains  on  the  OP  given  in  Table  2  are  sus¬ 
ceptible  to  McLafferty  rearrangement.  Methoxy  derivatives,  such  as 
are  found  in  dichlorvos,  do  not  have  a  beta-carbon  and  therefore 
are  not  susceptible  to  McLafferty  rearrangement.  Alkyl  ligands  that 
attach  directly  to  the  phosphorus,  without  the  intervention  of  an 


oxygen  molecule,  are  also  not  susceptible  to  McLafferty  rearrange¬ 
ment,  i.e.  phosphonyl  esters.  Ligands  of  this  latter  type  are  found 
on  soman  and  sarin  (methyl)  and  FP-biotin  (biotinylated  arm). 

McLafferty  rearrangements  generate  neutral  losses  of  28  amu 
for  ethoxy  side-chains  (CPO  and  FP-biotin),  42  amu  for  isopropoxy 
side-chains  (DFP  and  sarin),  and  84  amu  for  the  pinacolyl  side-chain 
of  soman. 

Neutral  loss  of  OP  side-chains  was  observed  in  two  contexts.  In 
the  first  context,  loss  was  directly  from  the  parent  ion.  This  could 
be  detected  if  the  peptide  was  small  enough  for  the  diminished 
parent  ion  mass  to  fall  within  the  mass  range  of  the  QTrap  2000 
mass  spectrometer  (upper  limit  1500  m/z).  An  example  of  this  sort 
of  neutral  loss  is  shown  in  Fig.  3  where  a  doubly-charged  form  of  the 
parent  ion  minus  the  pinacolyl  side-chain  of  the  soman  label  can  be 
found  at  524.2  amu.  A  second  example  is  found  in  Fig.  6  where  the 
singly-charged,  DFP-labeled,  YTR  parent  ion  (603.4  amu)  loses  one 
isopropyl  group  (42  amu)  to  yield  the  561.4  ion,  and  then  a  second 
isopropyl  group  (a  total  of  84  amu)  to  yield  the  519.2  ion. 

In  the  second  context,  neutral  loss  was  from  OP-labeled  tyro¬ 
sine  immonium  ions.  Loss  from  immonium  ions  was  a  common 
occurrence  and  is  readily  observable  in  several  of  the  following 
figures. 

The  order  of  neutral  loss  susceptibility  observed  for  peptides 
labeled  with  the  various  OP,  correlated  with  the  complexity  of 
the  alkyl  chain.  Thus,  after  CID  fragmentation  of  soman-labeled 
peptides,  ions  carrying  intact  soman  labels  were  never  observed. 


R 


CH3 


H3C-C— 
^  I 
CH3 


C=CH2 

H 


R 


Fig.  2.  McLafferty  rearrangement  of  a  tyrosyl-soman  adduct  resulting  in  neutral  loss  of  the  pinacolyl  side  chain.  The  pinacolyl  side-chain  is  lost  during  MSMS  under  CID 
conditions.  Soman-tyrosine  adducts  do  not  lose  the  pinacolyl  group  outside  of  the  mass  spectrometer. 
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Fig.  3.  A  CID  fragmentation  spectrum  of  the  soman-labeled  mouse  transferrin, 
tryptic  peptide  GYY*AVAWK.  The  214.1  value  enclosed  in  the  box  is  the  mass  of 
the  methylphosphotyrosine  immonium  ion,  the  characteristic  fragment  for  soman- 
labeled  tyrosine.  The  doubly-charged  parent  ion  at  566.5  m/z  includes  162  amu  from 
soman.  Loss  of  the  pinacolyl  group  results  in  the  doubly-charged  methylphospho- 
nate  parent  ion  at  524.2  m/z.  The  mass  at  135.8  is  the  immonium  ion  of  tyrosine.  The 
mass  at  193.0  amu  is  the  a2  ion,  also  described  as  the  GlyTyr  immonium  ion. 

Only  masses  associated  with  ions  missing  the  pinacolyl  group  were 
found  (see  Fig.  3).  On  the  other  hand,  the  MSMS  spectra  of  DFP- 
labeled  peptides  showed  ions  carrying  the  intact  DFP  label  as  well 
as  ions  that  had  lost  one  or  both  of  the  isopropyl  groups  (see  Fig.  6). 
This  distribution  reflects  the  decreased  susceptibility  of  the  iso- 
propoxy  group  to  undergo  neutral  loss.  Finally,  the  MSMS  spectra 
of  CPO-labeled  peptides  rarely  showed  parent  ion  masses  consis¬ 
tent  with  the  loss  of  an  ethyl  group.  Loss  of  the  ethyl  group  was 
only  seen  from  the  labeled  tyrosine  immonium  ion  which  created 
a  tyrosine-monoethylphosphate  immonium  ion  at  244.0  amu  (see 
Fig.  5).  Neutral  loss  of  methyl  was  not  detected  from  dichlorvos- 
labeled  peptides  (see  Fig.  7).  Side-chain  neutral  losses  have  also 
been  reported  for  the  isolated  OP,  e.g.  sarin,  soman,  cyclosarin,  and 
analogs  of  DFP  and  CPO  [26,27]. 

A  similar  loss  of  the  alkyl  side-chain  occurs  when  OP  are  bound 
to  cholinesterases  in  solution.  This  process  is  referred  to  as  aging. 
The  gas  phase  side-chain  loss  is  mechanistically  distinct  from  the 
aging  process  and  should  not  be  confused  with  aging. 

The  observations  on  neutral  loss  can  be  summarized  by  say¬ 
ing  that  loss  of  a  side-chain  from  alkoxy  ligands  to  the  phosphorus 
was  the  rule  for  soman-labeled  tyrosine;  was  common  for  DFP-  or 
sarin-labeled  tyrosine;  was  constrained  to  tyrosine  immonium  ions 
for  CPO-labeled  tyrosine;  and  was  not  observed  for  the  dichlorvos- 
labeled  tyrosine. 

3.4.  OP- tyrosine  immonium  ions 

With  the  exception  of  FP-biotinylated  samples,  the  non¬ 
sequence  masses  that  appeared  most  frequently  were  consistent 
with  forms  of  OP-tyrosine  immonium  ions.  This  is  in  agreement 
with  a  recent  review  by  Lehmann  and  co-workers,  in  which  they 
reported  that  ClD-generated  characteristic  ions  (reporter  ions)  for 
peptides  containing  covalently  modified  amino  acids  are  generally 
immonium  ions  or  immonium  ion-derived  fragments  [15].  The  OP- 
tyrosine  immonium  ions  and  their  derivatives  appear  in  the  list  of 
characteristic  ions  in  Table  3. 

Two  dichlorvos-labeled  tryptic  peptides  were  analyzed.  A 
mass  at  244  amu,  consistent  with  the  dimethoxyphospho-tyrosine 
immonium  ion,  was  the  most  prominent  peak  in  both  MSMS  spectra 
(see  Fig.  7  for  an  example).  This  mass  did  not  contribute  to  the  pep¬ 
tide  sequence  information.  Though  the  244  amu  mass  is  identical  to 
the  mass  for  phospho-tyrosine,  the  anticipated  difficulty  in  releas¬ 


ing  methyl  groups  from  methoxy-OP  makes  an  immonium  ion  of 
dimethoxyphospho-tyrosine  the  more  reasonable  assignment. 

The  diethoxyphospho-tyrosine  immonium  ion,  at  272  amu,  was 
the  most  commonly  observed  non-sequence  ion  for  chlorpyrifos- 
oxon  labeled  peptides.  It  appeared  in  92%  of  the  MSMS  spectra 
(42  out  of  45  peptides).  In  addition  to  being  common,  the  mass 
was  generally  intense.  It  was  the  most  intense  ion  in  seven  spec¬ 
tra.  The  monoethoxyphospho-tyrosine  immonium  ion,  at  244  amu, 
was  nearly  as  abundant  as  the  diethoxyphospho-tyrosine  immo¬ 
nium  ion,  appearing  in  75%  of  the  spectra  (34  out  of  45  peptides). 
It  was  also  intense,  being  the  most  intense  ion  in  two  spectra.  For 
an  example,  refer  to  Fig.  5.  Though  the  244  amu  mass  that  we  have 
taken  to  be  the  monoethoxyphospho-tyrosine  immonium  ion  is  the 
same  as  that  for  phospho-tyrosine,  the  prevalence  of  immonium 
ions  in  Table  3  makes  the  immonium  ion  assignment  for  this  mass 
the  more  reasonable.  Elimination  of  both  ethyl  groups  to  yield  the 
phospho-tyrosine  immonium  ion,  at  a  mass  of  216  amu,  was  less 
common,  occurring  in  30%  of  the  spectra  (14  out  of  45).  The  FP- 
biotin  tyrosine  adduct  also  includes  an  ethoxy  substituent  on  the 
phosphorus,  but  no  evidence  for  an  FP-biotin  tyrosine  immonium 
ion  with  loss  of  the  ethyl  was  detected  (680  amu). 

By  far,  the  most  common  non-sequence  ion  seen  in  the  spectra  of 
the  DFP-labeled  peptides  was  the  216  amu  mass  attributable  to  the 
phospho-tyrosine  immonium  ion,  i.e.  loss  of  both  isopropyl  groups 
(see  Table  3  and  Fig.  6).  It  appeared  in  91%  of  the  MSMS  spectra 
(10  out  of  11  peptides).  Though  its  intensity  varied  widely,  it  was 
always  at  least  20%  that  of  the  most  intense  peak  in  the  spectrum.  On 
one  occasion  it  was  the  most  intense  peak  in  the  spectrum.  Loss  of  a 
single  isopropyl  to  generate  the  monoisopropoxyphospho-tyrosine 
immonium  ion  at  258  amu  appeared  in  only  9%  of  the  spectra  (1 
out  of  11  peptides).  The  preponderance  of  species  in  which  both 
isopropyl  groups  had  been  lost  reflects  the  ease  of  eliminating  the 
isopropyl  under  CID  conditions.  The  next  most  common  character¬ 
istic  ion  was  the  phospho-tyrosine  immonium  ion  minus  water  at 
198  amu,  occurring  in  27%  of  the  spectra  (3  out  of  11 ).  This  species 
is  a  secondary  fragmentation  of  the  phospho-tyrosine  immonium 
ion  and  supports  the  dominance  of  the  isopropyl  free  form. 

Tyrosine  immonium  ions  from  the  four  sarin-labeled  peptides 
that  were  examined  all  had  lost  their  isopropyl  moieties  (Fig.  8). 
The  resultant  methylphospho-tyrosine  immonium  ion  at  214  amu 
was  the  only  non-sequence  ion  seen  in  the  MSMS  spectra,  and  it 
was  always  the  most  intense  ion  in  the  spectrum  (see  Table  3). 

Formation  of  the  methylphospho-tyrosine  immonium  ion  from 
soman-labeled  tyrosine-containing  peptides  was  also  common¬ 
place,  appearing  in  83%  of  the  MSMS  spectra.  Flowever,  when  it 
did  occur,  the  relative  intensity  of  the  peak  was  generally  less  than 
20%  that  of  the  most  intense  peak  in  the  spectrum  (see  Table  3  and 
Fig.  3).  By  extrapolation  of  the  trend  developed  from  the  smaller 
alkoxy  ligands,  one  might  have  expected  that  this  immonium  ion 
would  have  been  present  for  all  soman-labeled  peptides  and  that 
it  would  have  dominated  the  spectra.  A  possible  rationalization  for 
the  unexpected  loss  in  prominence  of  the  methylphospho-tyrosine 
immonium  ion  may  lie  in  the  extremely  facile  nature  of  the  neu¬ 
tral  loss  of  pinacolyl  from  the  parent  ion.  In  the  same  manner  that 
facile  loss  of  phosphate  from  the  parent  ions  of  phospho-peptides 
suppresses  other  fragmentation  [28,29],  facile  loss  of  the  pinacolyl 
group  from  the  soman-labeled  parent  ions  may  suppress  formation 
of  the  methylphospho-tyrosine  immonium  ion. 

The  FP-biotinylated  tyrosine  immonium  ion,  at  708.5  amu, 
appeared  in  90%  of  the  fragmentation  spectra  for  FP-biotin-labeled 
tyrosine-containing  peptides.  It  was  generally  accompanied  by 
a  691.4  amu  mass  that  was  consistent  with  the  loss  of  amine 
from  the  tyrosine-FP-biotin  immonium  ion  (see  Fig.  4).  Even  the 
doubly-charged  forms  of  these  ions,  at  355.0  and  346.5  amu  were 
common,  appearing  in  40%  and  17%  of  the  spectra,  respectively  (see 
Table  3). 
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Observations  on  the  OP-tyrosine  immonium  ions  can  be  sum¬ 
marized  by  saying  that  they  are  major  non-sequence  ions  in  the 
MS/MS  spectra,  and  that  they  are  characteristic  of  OP-labeling  of 
tyrosine. 

3.5.  Fragmentation  specific  to  FP-biotin 

In  addition  to  OP-tyrosine  immonium  ions,  fragmentation  of  FP- 
biotin  labeled  tyrosine  yielded  a  unique  set  of  ions.  Elimination  of 
the  ethyl  group  from  the  ethoxy  side-chain  of  the  phosphorus  was 
not  seen.  Rather,  fragmentation  of  the  amide  linkages  in  the  biotinyl 
side-chain  of  the  FP-biotin  generally  dominated  the  MSMS  spec¬ 
trum.  See  Table  3  for  a  list  of  these  fragments  and  Table  2  for  a 
graphical  presentation  of  the  location  of  the  break  points. 

An  FP-biotinylated  peptide  is  invariably  multiply-charged.  This 
appears  to  be  due  to  protonation  of  the  biotin.  Thus,  even  two  and 
three  residue  peptides  are  doubly-charged.  Scission  of  FP-biotin’s 
alkyl  chain  releases  the  biotin  end  of  the  label,  along  with  one 
charge.  This  generates  positively-charged  fragments,  as  well  as  cre¬ 
ating  a  loss  from  the  parent  ion.  A  hallmark  of  FP-biotinylation  on 
tyrosine  is  the  presence  of  positively-charged  fragments  at  227, 312 
and  329  amu  [6],  see  Fig.  4.  Fragments  at  329  and  312  amu  appeared 
in  100%  of  the  spectra,  while  fragments  at  227  amu  appeared  in 
89%  (31  out  of  35  peptides).  All  three  fragments  generally  yielded 
very  intense  signals  (see  Table  3).  The  329  amu  mass  was  the  most 
intense  peak  on  six  occasions,  the  312  amu  peak  on  two  occasions, 
and  the  227  amu  peak  on  three. 

A  corresponding  neutral  loss  of  226,  311  and  328  amu  from  the 
parent  ion  was  detected  in  34%,  11%  and  31%  of  the  MSMS  spectra, 
respectively.  The  328  amu  neutral  loss  peak  always  appeared  as  a 
doublet  with  the  second  peak  representing  loss  of  329  amu.  The 
parent  ion  minus  329  could  be  discriminated  from  the  +1  isotopic 
form  of  the  parent  ion  minus  328  on  the  basis  of  the  relative  inten¬ 
sities  of  the  [M  + FI-328]  and  [M  +  H-329]  peaks.  The  intensities  of 
these  two  masses  were  always  nearly  equal. 

Neutral  loss  directly  from  the  parent  ion  was  not  observed  as  fre¬ 
quently  as  the  corresponding  positively-charged  fragment  ion.  The 
parent  ion  minus  328  (and  329)  appeared  in  31%  of  the  spectra  (11 
out  of  35);  the  parent  ion  minus  311  appeared  in  11%  of  the  spectra 
(4  out  of  35);  and  the  parent  ion  minus  226  appeared  in  34%  of  the 
spectra  (12  out  of  35).  This  can  be  attributed  in  part  to  the  large  size 


m/z,  amu 

Fig.  4.  A  CID  fragmentation  spectrum  of  the  FP-biotin  labeled  human  alpha  2  glyco¬ 
protein  1,  zinc  tryptic  peptide  AY*LEEECPATLR.  The  312.2  and  329.2  values  enclosed 
in  boxes  are  fragments  of  EP-biotin.  The  708.5  and  691.6  values  enclosed  in  boxes  are 
the  masses  of  the  EP-biotinylated  tyrosine  immonium  ion  and  of  the  EP-biotinylated 
tyrosine  immonium  ion  minus  NH3  respectively,  the  characteristic  fragments  for 
EP-biotin  labeled  tyrosine.  CAM  indicates  that  the  cysteine  is  carbamidomethylated. 
The  doubly-charged  parent  ion  at  1012.7  m/z  includes  572  amu  from  EP-biotin  and 
57  amu  from  iodoacetamide.  Loss  of  water  from  the  parent  ion  results  in  a  mass  at 
1003.6  m/z.  Neutral  loss  of  a  328  amu  portion  of  EP-biotin  results  in  the  1696.3  amu 
fragment. 


of  the  FP-biotin  adduct,  which  has  a  572  amu  added  mass.  Since 
the  upper  mass  limit  for  the  QTrap  2000  is  aboutl500amu,  neu¬ 
tral  loss  fragments  from  FP-biotinylated  peptides  larger  than  seven 
residues  were  difficult  to  detect.  Neutral  loss  fragments  were  occa¬ 
sionally  accompanied  by  fragments  consistent  with  loss  of  water 
(18  amu)  or  amine  (17  amu)  or  carbon  monoxide  (28  amu). 

Doubly-charged  fragments  corresponding  to  the  parent  ion 
minus  328, 329  or  226  amu  were  also  detected,  as  well  as  fragments 
corresponding  to  loss  of  amine  from  these  species.  In  addition, 
tyrosine-FPB  immonium  ions  that  had  lost  329  amu  to  give  a  mass  of 
379  amu  ( 17%)  or  328  amu  to  give  a  mass  of 380  amu  (40%),  226  amu 
to  give  a  mass  of  482  amu  (31%)  were  commonly  seen  (Table  3). 

Ions  at  227,  312  and  329  amu  generally  appear  when  either  FP- 
biotinylated  tyrosine  or  serine  adducts  are  fragmented  [6].  These 
three  ions  provide  a  fingerprint  for  FP-biotinylated  peptides.  Since 
they  can  be  relied  upon  to  appear  as  a  triad  and  they  have  moder¬ 
ately  large  molecular  weights,  confusing  this  set  of  masses  with 
sequence  masses  from  the  peptide  is  minimal.  Discrimination 
between  FP-biotinylated  tyrosine  and  FP-biotinylated  serine  can 
also  be  accomplished  on  the  basis  of  characteristic  masses.  The  FP- 
biotinylated  tyrosine  immonium  ions  at  708  and  691  amu  provide  a 
diagnostic  sub-set  of  masses  that  identify  FP-biotinylated  tyrosine, 
while  a  fragment  at  591  amu  is  characteristic  of  FP-biotinylated  ser¬ 
ine  [6].  This  array  of  characteristic  masses  makes  FP-biotin  very 
useful  in  the  discovery  of  unknown  proteins  that  are  susceptible  to 
labeling  by  OP. 

3.6.  Illustration  of  CID  fragmentation  for  OP-labeled  peptides 

Figs.  3-8  show  representative  MSMS  fragmentation  spectra  for 
peptides  containing  OP-labeled  tyrosine.  There  is  a  spectrum  for 
each  of  the  six  OP  that  were  used  in  these  studies.  Fragmentation 
spectra  from  other  OP-labeled,  tyrosine-containing  peptides  can  be 
found  in  the  literature  [6-9,21  ]. 

Fig.  3  illustrates  the  CID  fragmentation  of  a  soman-labeled  pep¬ 
tide.  This  peptide  is  GYY*AVAWI<  from  mouse  transferrin,  which 
is  labeled  on  the  second  tyrosine  from  the  N-terminus.  The  par¬ 
ent  ion  was  doubly-charged  with  an  m/z  of  566.5  that  includes 
an  added  mass  of  162  amu  from  soman  (0-pinacolyl  methylphos- 
phonate).  Fragment  y9  is  consistent  with  the  singly-charged  parent 
ion  less  the  mass  of  the  pinacolyl  side-chain  (84  amu).  This  neutral 
loss  leaves  a  methylphosphonate  moiety  attached  to  the  peptide 
fragment  (78  amu).  The  doubly-charged  methylphosphonate  par¬ 
ent  ion  was  found  at  524.2  amu.  No  fragment  mass  that  included 
the  0-pinacolyl  methylphosphonate  was  detected,  reflecting  the 
extreme  ease  with  which  the  pinacolyl  group  is  eliminated  under 
CID  conditions.  Fragments  yl-y9  represent  the  entire  y-ion  series, 
wanting  only  y8.  Fragments  y7  and  y9  include  the  mass  for  the 
methylphosphonate  as  expected.  The  mass  difference  of  241.1  amu 
between  y6  and  y7  is  consistent  with  tyrosine  plus  methylphospho¬ 
nate  (163.1  +  78  amu).  A  b-ion  series  from  b3  to  b7  is  also  present. 
The  b3  mass,  at  461.9  amu,  and  all  subsequent  b-ion  masses  include 
the  mass  of  methylphosphonate.  A  tyrosine-glycine  immonium  ion 
at  193.0  amu  does  not  include  the  methylphosphonate  mass,  indi¬ 
cating  that  the  first  tyrosine  from  the  N-terminal  is  not  labeled. 
This  observation  together  with  the  fact  that  the  b3-ion  includes  the 
methylphosphonate  places  the  soman  label  on  the  second  tyrosine 
from  the  N-terminal.  The  characteristic  tyrosine  methylphospho¬ 
nate  immonium  ion  appears  at  214.1  amu,  confirming  the  presence 
of  soman  on  the  original  peptide. 

Fig.  4  illustrates  the  CID  fragmentation  of  an  FP-biotin  labeled 
peptide.  This  peptide  is  AY*LEEECPATLR  from  human  alpha  2  gly¬ 
coprotein  1,  zinc,  which  is  labeled  on  the  second  residue  from 
the  N-terminus.  The  parent  ion  is  doubly-charged  with  an  m/z  of 
1012.7  that  includes  the  572  amu  added  mass  from  FP-biotin  (10- 
(ethoxyphosphinyl)-N-(biotinamidopentyl)  decanamide  minus  a 
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proton)  and  a  carbamidomethyl  modification  on  cysteine  (57  amu, 
due  to  alkylation  by  iodoacetamide).  Another  doubly-charged  ion 
at  1003.6  amu  is  consistent  with  the  parent  ion  minus  water.  A 
fragment  at  1696.3  amu  represents  the  neutral  loss  of  a  328  amu 
portion  of  FP-biotin  from  the  parent  ion.  A  y-ion  series  from  yl 
to  ylO  is  observed.  The  masses  of  all  of  these  fragments  fit  the 
unlabeled  sequence.  A  b-ion  series  from  b2  to  b7  is  also  observed. 
The  b2  mass  (807.5  amu)  is  consistent  with  the  presence  of  ala¬ 
nine,  tyrosine  and  the  FP-biotin  label  (164  +  71 +572  =  807  amu). 
Successive  b-ion  masses  all  include  the  mass  of  the  FP-biotin  label. 
Carbamidomethyl  Cys  (CAM;  cysteine  plus  57  amu,  the  result  of 
alkylation  of  reduced  cysteine  with  iodoacetamide)  appears  in  both 
the  y6  and  yl  ions.  Characteristic  fragments  of  FP-biotin  appear  at 
312.2  and  329.2  amu,  while  immonium  ions  for  tyrosine  FP-biotin 
and  tyrosine  FP-biotin  minus  amine  appear  at  708.5  and  691.6  amu, 
respectively.  These  are  four  of  the  most  commonly  observed 
characteristic  ions  from  FP-biotin  labeled,  tyrosine-containing  pep¬ 
tides. 

Fig.  5  illustrates  the  CID  fragmentation  of  a  chlorpyrifos-oxon 
labeled  peptide.  This  peptide  is  Y*LDGLTAER  from  human  keratin 
2,  which  is  labeled  on  the  N-terminal  residue.  The  parent  ion  is 
doubly-charged  with  an  m/z  of  587.3  that  includes  the  136  amu 
added  mass  from  CPO  (0,0-diethylphosphate).  The  587.3  m/z  ion 
is  not  seen  in  MSMS  spectrum.  Flowever  it  was  present  in  the 
MS  spectrum  (data  not  shown).  Its  absence  from  the  MSMS  spec¬ 
trum  indicates  that  an  excessive  amount  of  collision  energy  was 
requested  by  the  information  directed  acquisition  algorithm  that 
controlled  data  acquisition.  A  y-ion  series  starts  from  175.0  amu 
for  yl  and  ends  at  874.1  amu  for  y8.  Addition  of  299  amu  to  y8, 
(0,0-diethylphosphate-labeled  Tyr,  163  + 136  =  299  amu),  yields  a 
mass  of  1173.1  amu,  which  is  equal  to  the  theoretical  mass  for 
the  singly-charged  parent  ion  mass  (1173.6  =  587.3  x2-1)  This 
indicates  the  presence  of  the  label  on  the  N-terminus.  A  mass 
at  413.0  amu  is  consistent  with  the  0,0-diethylphosphate-labeled 
tyrosine  plus  leucine,  i.e.  the  b2-ion  (164  + 136  + 113  =  413  amu), 
which  confirms  labeling  of  the  N-terminal  tyrosine.  A  strong 
signal  at  385.1  amu  corresponds  to  the  labeled  a2-ion.  Charac¬ 
teristic  fragments  at  271.9,  244.0  and  215.8  amu  are  consistent 
with  the  0,0-diethylphosphate-labeled  tyrosine  immonium  ion, 
the  0-ethyl  phosphate-labeled  tyrosine  immonium  ion,  and  the 
tyrosine  phosphate  immonium  ion,  respectively.  These  are  the 
most  commonly  observed  characteristic  ions  derived  from  0,0- 
diethylphosphate-labeled,  tyrosine-containing  peptides  and  their 
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Fig.  5.  A  CID  mass  spectrum  of  the  CPO-labeled  human  keratin  2  tryptic  peptide 
Y*LDGLTAER.  The  values  enclosed  in  boxes  are  the  masses  of  the  characteristic  frag¬ 
ments  for  CPO-labeled  tyrosine:  diethoxyphospho-tyrosine  immonium  ion  at  271.9, 
monoethoxyphospho-tyrosine  immonium  ion  at  244.0,  and  phosphotyrosine  immo¬ 
nium  ion  at  215.8  amu.  The  doubly-charged  parent  ion  at  587.3  m/z  includes  136  amu 
from  chlorpyrifos-oxon. 
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Fig.  6.  A  CID  mass  spectrum  of  the  DFP-labeled  bovine  serum  albumin  tryptic  pep¬ 
tide  Y*TR.  The  216.1  amu  value  enclosed  in  the  box  is  the  mass  of  the  phosphotyrosine 
immonium  ion.  The  singly-charged  parent  ion  at  603.4  m/z  includes  164  amu  from 
DFP.  Loss  of  one  isopropylene  yields  the  mass  at  561.4  amu.  Loss  of  both  isopropy¬ 
lenes  yields  the  mass  at  519.2  amu.  The  tyrosine  immonium  ion,  designated  Y,  has  a 
mass  of  136.1  amu. 

presence  fully  establishes  the  existence  of  a  labeled  tyrosine  in  this 
peptide. 

Fig.  6  illustrates  the  CID  fragmentation  of  a 
diisopropylfluorophosphate-labeled  peptide.  This  peptide  is 
Y*TR  from  bovine  serum  albumin,  which  is  labeled  on  the  N- 
terminal  residue.  The  parent  ion  is  singly-charged  with  an  m/z 
of  603.4  that  includes  the  164  amu  added  mass  from  DFP  (0,0- 
diisopropylphosphate).  Loss  of  isopropylene  (42  amu)  yields  the 
561.4  amu  peak,  and  subsequent  loss  of  a  second  isopropylene 
yields  the  more  intense  peak  at  519.2  amu,  which  is  consistent 
with  YTR-phosphate.  These  neutral  losses  are  characteristic  of  a 
diisopropylphosphate-labeled  tyrosine-containing  peptide.  The 
relatively  large  intensities  of  these  masses  illustrate  the  ease  with 
which  the  isopropylene  is  eliminated  from  diisopropylphosphate 
under  CID  conditions.  The  mass  difference  between  519.2  and 
276.1  amu  (y2)  is  consistent  with  loss  of  Tyr-phosphate,  indicating 
that  tyrosine  was  the  labeled  residue.  Loss  of  80  amu  from  519.2 
yields  the  y3  peak  at  439.2  amu,  which  further  supports  labeling 
of  the  tyrosine.  A  complete  y-ion  series  without  phosphate  is 
present.  B2  and  a2  ions  that  retain  phosphate  are  seen  at  345.0  and 
317.0  amu,  respectively.  A  characteristic  ion  at  216.1  amu,  consistent 
with  Tyr-phosphate  is  one  of  the  most  commonly  observed  char¬ 
acteristic  ions  derived  from  0,0-diisopropylphosphate-labeled, 
tyrosine-containing  peptides.  Its  presence  is  another  strong  indi¬ 
cation  of  the  presence  of  an  0,0-diisopropylphosphate  labeled 
tyrosine  in  the  peptide. 

Fig.  7  illustrates  the  CID  fragmentation  of  a  dichlorvos- 
labeled  peptide.  This  peptide  is  SY*SM,  a  synthetic  peptide, 
which  is  labeled  on  the  tyrosine.  The  parent  ion  is  singly- 
charged  with  a  mass  of  595.0  amu  that  includes  the  108  amu 
added  mass  from  dichlorvos  (0,0-dimethylphosphate).  Complete 
y-ion  and  b-ion  series  are  present.  The  mass  difference  between 
y2  (237.4  amu)  and  y3  (507.8  amu)  is  271  amu,  which  is  con¬ 
sistent  with  the  presence  of  0,0-dimethylphosphate  labeled 
tyrosine  (163  +  108  =  271  amu),  indicating  that  tyrosine  is  the 
labeled  residue.  The  mass  for  the  b2-ion  (359.4  amu)  is  con¬ 
sistent  with  the  presence  of  serine  (N-terminal  of  a  b-series) 
plus  tyrosine-0,0-dimethylphosphate  (88  + 163  + 108  =  359  amu), 
confirming  that  the  label  is  on  tyrosine.  The  majority  of  the 
remaining  masses  could  be  attributed  to  loss  of  water,  amine 
or  carbon  monoxide  from  the  fragments  already  described. 
A  characteristic  ion  at  244.3  amu  is  consistent  with  the 
tyrosine-0,0-dimethylphosphate  immonium  ion.  There  is  no 
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m/z,  amu 

Fig.  7.  A  CID  mass  spectrum  of  the  dichlorvos-labeled  synthetic  tryptic  peptide 
SY*SM.  The  244.3  value  enclosed  in  the  box  is  the  mass  of  the  dimethoxyphosphoty- 
rosine  immonium  ion,  the  characteristic  fragment  for  dichlorvos-labeled  tyrosine. 
The  singly-charged  parent  ion  with  a  mass  of  595.0  amu  includes  108  amu  from 
dichlorvos.  The  mass  at  103.8  amu  is  the  immonium  ion  of  methionine. 

evidence  for  release  of  methyl  from  the  side-chain  of  the  0,0- 
dimethylphosphate. 

Fig.  8  illustrates  the  CID  fragmentation  of  a  sarin-labeled  pep¬ 
tide.  This  peptide  is  1<PVDQY*EDCYLAR  from  mouse  transferrin, 
which  is  labeled  on  the  sixth  residue  from  the  N-terminus.  The 
parent  ion  is  triply-charged  with  an  m/z  of  592.0  that  includes 
the  120  amu  added  mass  from  sarin  (0-isopropyl  methylphospho- 
nate)  and  a  carbamidomethyl  modification  on  cysteine  (57  amu). 
The  592.0  amu  mass  appeared  in  the  MS  spectrum  (data  not  shown) 
but  not  in  the  MSMS  spectrum.  Its  absence  from  the  MSMS  spec¬ 
trum  indicates  that  an  excessive  amount  of  collision  energy  was 
used  during  MSMS  data  acquisition.  A  partial  y-ion  sequence  from 
yl  to  y6  includes  one  unlabeled  tyrosine  (y4);  the  mass  difference 
between  y3  and  y4  is  163  (522.1-359.6).  The  b3  ion  and  its  dehy¬ 
dration  product  are  visible  at  325.6  and  307.7  amu,  respectively. 
There  is  no  evidence  for  labeling  of  the  lysine  at  bl.  Having  thus 


eliminated  the  lysine  at  bl  and  the  tyrosine  at  y4,  the  remain¬ 
ing  tyrosine  in  the  sequence  (y8)  has  been  assigned  as  the  labeled 
residue;  no  other  likely  candidates  exist  in  this  peptide.  The  mass 
at  214.3  amu  is  consistent  with  the  tyrosine-methylphosphonate 
immonium  ion,  which  is  a  characteristic  fragment  for  sarin  labeled 
tyrosine.  Absence  of  the  isopropyl  group  from  this  characteristic 
fragment  reaffirms  the  relative  lability  of  the  0-isopropyl  moiety  to 
fragmentation  under  CID  conditions  in  the  mass  spectrometer. 

3.7.  Use  of  characteristic  ions  to  detect  OP-tyrosine  adducts  in 
unknown  samples 

Characteristic  ions  are  valuable  tools  for  finding  labeled  pep¬ 
tides  in  an  unknown  sample,  especially  for  those  labels  that  yield 
more  than  one  characteristic  ion.  The  most  productive  strategy, 
in  our  hands,  has  been  extracted  ion  chromatographic  analysis 
of  MSMS  data  performed  after  acquisition  of  the  data.  There  are 
two  major  advantages  to  this  approach.  First,  post-acquisition  anal¬ 
ysis  allows  data  to  be  taken  using  the  trapping  function  of  the 
QTrap  mass  spectrometer.  This  generally  improves  signal  detec¬ 
tion  by  10-fold  over  acquisition  methods  that  are  restricted  to 
the  quadrupole  mode.  Second,  the  extracted  ion  algorithm  in  the 
QTrap  software  (Analyst)  will  generate  separate  extracted  ion  chro¬ 
matograms  for  multiple  ions,  simultaneously.  When  overlaid,  these 
chromatograms  accent  those  MSMS  spectra  which  include  multiple 
characteristic  ion  masses,  making  data  analysis  more  efficient.  Once 
a  candidate  peptide  has  been  identified,  it  is  necessary  to  validate 
the  identification  by  assigning  the  masses  in  the  MSMS  spectrum 
in  order  to  determine  the  peptide  sequence,  to  establish  that  the 
ions  that  appear  to  be  characteristic  are  not  part  of  the  sequence, 
to  locate  a  gap  in  the  sequence  that  corresponds  to  a  labeled  amino 
acid,  and  to  establish  that  the  parent  ion  mass  is  equal  to  the  mass 
of  the  peptide  plus  the  mass  of  the  label.  Use  of  precursor  ion  scan¬ 
ning  to  look  for  peptides  that  generate  characteristic  fragments  is 
a  theoretically  viable  alternative  to  extracted  ion  chromatography. 
However,  precursor  ion  scanning  is  a  quadrupole  function  and  is 
restricted  to  monitoring  a  single  characteristic  fragment  per  run. 
As  such,  it  is  less  sensitive  and  less  efficient. 


m/z,  amu 


Fig.  8.  A  CID  mass  spectrum  of  the  sarin-labeled  mouse  transferrin  tryptic  pep¬ 
tide  KPVDQY*EDCYLAR.  The  214.3  value  enclosed  in  the  box  is  the  mass  of 
the  methylphosphotyrosine  immonium  ion,  the  characteristic  fragment  for  sarin- 
labeled  tyrosine.  CAM  indicates  that  the  cysteine  is  carbamidomethylated.  The 
triply-charged  parent  ion  with  592.0  m/z  includes  120  amu  from  sarin  and  57  amu 
from  iodoacetamide.  Immonium  ions  for  tyrosine  at  136.0  and  for  arginine  at  129.0 
are  indicated  as  Y  and  R. 


3.8.  OP-reactivity  of  tyrosine 

Reaction  of  OP  with  tyrosine  does  not  appear  to  be  as  specific 
as  reaction  of  OP  with  the  active  site  serine  of  the  serine  esterases. 
No  consensus  sequence  around  the  labeled  tyrosine  was  observed. 
Often,  we  were  able  to  find  multiple  reactive  tyrosines  on  a  single 
protein.  Sometimes  we  found  more  than  one  reactive  tyrosine  on 
a  single  peptide  (see  Table  1).  Reactive  tyrosines  were  typically  on 
the  surface  of  the  protein,  however  not  all  surface  tyrosines  were 
reactive. 

Of  those  tyrosines  on  a  given  protein  that  were  reactive,  one  was 
generally  much  more  reactive  than  the  others.  For  example,  five 
tyrosines  from  human  serum  albumin  were  found  to  react  when 
plasma  was  treated  with  200  p.M  FP-biotin  at  37  °C  for  48  h.  How¬ 
ever,  only  two  labeled  peptides,  Y*T1<  and  HPY*FYAPELLFFA1<,  were 
detected  when  100  puM  FP-biotin  was  incubated  with  15  puM  albu¬ 
min  at  22  °C  and  pH  8  for  2  h.  Fifty- two  percent  of  the  YTK  peptide 
was  labeled  while  only  10%  of  the  HPY*FYAPELLFFA1<  peptide  was 
labeled.  Thus  Y*TK  was  the  most  reactive  peptide  on  human  serum 
albumin  [21].  Support  for  this  assignment  comes  from  the  obser¬ 
vation  that  the  Y*TR  peptide  from  bovine  serum  albumin  was  the 
only  labeled  peptide  detected  after  reaction  of  equimolar  amounts 
of  protein  and  FP-biotin  (137  p.M  each,  reacted  at  37  °C  and  pH  8.6 
for  24  h)  [6]. 

Bovine  alpha  tubulin  provides  another  example  of  selective  reac¬ 
tion.  Out  of  nine  peptides  that  were  labeled  by  0.5  mM  CPO  (pH  8.3 
for  24  h  at  37  °C)  only  one,  TGTY*R,  was  labeled  by  0.01  mM  CPO 
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under  the  same  conditions  [23  ].  Bovine  actin  provides  a  third  exam¬ 
ple.  Out  of  five  peptides  found  on  incubation  with  240  p.M  CPO,  only 
one,  GY*SFA/TTAER,  gave  good  signals  with  48  puM  CPO. 

Such  selective  reaction  strongly  suggests  that  the  reactive 
tyrosine  is  somehow  activated.  How  might  such  activation  be  man¬ 
ifested? 

3.9.  Activation  of  tyrosine  in  general 

Reaction  of  tyrosine  with  OP  would  be  expected  to  involve  nucle¬ 
ophilic  attack  by  the  phenolate  anion  of  tyrosine  on  the  phosphorus 
of  the  OP  [30].  The  pIQ  of  the  tyrosine  phenolate  is  10.1  [31  ].  Thus, 
at  pH  8  only  1%  of  the  typical  tyrosine  would  be  ionized.  Activa¬ 
tion  could  be  manifested  if  the  p/Ca  value  of  selected  tyrosines  were 
lowered,  thereby  increasing  the  fraction  of  phenolate  at  pH  8. 

Perturbation  of  p/Ca  values  can  be  accomplished  by  stabilizing 
or  destabilizing  the  ionized  component.  A  classical  example  is  the 
increase  in  pIQ  for  ionization  of  the  second  acidic  group  of  a  dicar- 
boxylic  acid  [32,33].  The  presence  of  the  negative  charge  on  the 
first  carboxylic  acid  causes  an  unfavorable  electrostatic  interaction 
for  the  ionization  of  the  second,  thereby  increasing  its  pK^.  West- 
heimer  and  Kirkwood  calculated  that  a  0.8  unit  difference  between 
pKa  values  for  carboxyls  of  succinic  acid  corresponded  to  a  distance 
between  carboxylates  of  5-6  A  [33]. 

By  analogy  with  the  carboxylate  situation,  the  presence  of  a  pos¬ 
itive  charge  at  a  moderate  distance  from  a  developing  anion  could 
stabilize  the  anion  and  lower  its  pKa.  Or,  hydrogen-bond  donors 
could  stabilize  a  developing  negative  charge,  thereby  lowering  the 
pIQ. 

This  concept  has  been  extended  to  enzymes.  Shafer  and  co¬ 
workers  demonstrated  that  when  the  active  site  cysteine  of  papain 
(Cys25)  is  deprotonated,  the  pKa  of  Hisl59  increases  by  4.2 
units  [34,35]  with  a  comparable  decrease  in  the  pKa  of  Cys  25 

[36] .  They  attributed  this  change  to  through-space,  charge-charge 
interactions  between  Cys25  and  Hisl59  [36].  They  argued  that 
charge-charge  interactions  do  not  cause  the  decrease  in  nucle¬ 
ophilic  reactivity  that  is  seen  when  pKa  values  are  perturbed  by 
charge-dipole  interactions  [36].  The  consequence  of  this  change  in 
pKa  was  an  increase  in  the  fraction  of  nucleophilic  cysteine  present 
in  the  active  site.  The  4.2  pH  unit  change  in  pKa  corresponded  to  a 
distance  of  3.4  A  between  the  cysteine  thiol  and  N3  of  the  histidine 

[37] . 

This  sort  of  pKa  change  is  not  limited  to  cysteines.  Tyrosines  with 
abnormally  low  pKa  values  are  involved  directly  or  indirectly  in  the 
catalytic  activity  of  a  number  of  enzymes  including  glutathione 
S-transferase  [38],  asparaginase  [39],  beta-lactamases  [40],  and 
albumin  [41  ].  A  lysine  at  the  active  center  of  acetoacetate  decar¬ 
boxylase  was  implicated  in  a  3.7  unit  decrease  in  the  pKa  of  a 
phenolic  reporter  group  [42]. 

3.10.  Activation  of  OP  reactive  tyrosines 

In  an  effort  to  determine  whether  charge-charge  interactions 
might  be  involved  in  the  activation  of  the  tyrosines  that  react  with 
OP  in  our  studies,  we  examined  the  x-ray  structures  for  proteins 
on  which  OP-reactive  tyrosines  were  found  (Table  4).  Protein  struc¬ 
ture  files  from  the  Protein  Data  Bank  maintained  by  the  Research 
Collaboratory  for  Structural  Bioinformatics  were  examined  using 
PyMOL  (version  0.99rc6,  Delano,  W.L  The  PyMOL  Molecular  Graph¬ 
ics  System,  2002,  http://www.pymol.org).  Forty-one  tyrosines  were 
evaluated.  Two  factors  were  considered:  accessibility  of  the  pheno¬ 
lic  hydroxyl  to  solvent  and  the  proximity  of  the  tyrosine  hydroxyl 
to  positively  charged  residues.  Solvent  accessibility  was  evaluated 
visually  using  the  surface  feature  of  PyMOL.  The  surface  that  was 
displayed  was  defined  by  the  Van  der  Waals  surfaces  of  water  atoms 
when  in  contact  with  the  protein.  If  the  phenolic  hydroxyl  was 


visible  on  the  surface,  it  was  considered  to  be  solvent  accessible. 
Positively  charged  groups  were  considered  to  be  sufficiently  close 
to  the  tyrosine  hydroxyl  to  affect  ion-pairing  if  they  were  within 
6  A.  Choice  of  6  A  was  based  on  the  calculations  by  Westheimer  and 
Kirkwood  which  showed  effects  on  the  pKa  of  nearly  1  pK  unit  at 
this  distance  [33]. 

Twenty- three  of  the  41  tyrosines  (56%)  were  both  solvent 
exposed  and  within  6  A  of  a  positively  charged  residue  (Table  4). 
Ten  of  the  instances  in  which  the  distance  was  greater  than  6  A 
came  from  bovine  tubulin  (alpha  and  beta).  If  tubulin  is  excluded 
from  the  analysis  (16  tyrosines  total),  then  18  of  the  remaining 
25  tyrosines  (72%)  were  within  ion-pairing  distance  of  a  positively 
charged  residue.  Exclusion  of  tubulin  might  be  justified  in  light  of 
the  fact  that  the  crystal  structure  was  of  the  isolated  alpha/beta 
dimer,  whereas  in  solution  tubulin  is  normally  in  some  polymeric 
form  (e.g.,  proto  filaments  or  microtubules),  charge-charge  interac¬ 
tions  between  residues  on  adjacent  dimers  might  occur  under  those 
circumstances. 

Of  the  seven  non-tubulin  tyrosines  that  were  not  within  6  A  of 
a  positively  charged  residue,  only  two  (that  from  pepsin  and  that 
from  adenine  nucleotide  translocase)  showed  more  than  10  A  of 
separation  (Table  4).  There  is  reason  to  believe  that  these  seven 
residues  might  still  enter  into  charge-charge  interactions  if  the  pro¬ 
teins  were  not  constrained  by  the  crystal  packing.  That  reasoning  is 
based  on  the  fact  that,  for  proteins  that  had  more  than  one  identi¬ 
cal  subunit  in  the  crystal,  the  distances  between  tyrosines  and  their 
charged  partners  varied  by  up  to  1  A.  Examples  of  this  can  be  found 
in  the  measurements  given  in  Table  4  for  the  human  serum  albumin 
dimer,  the  three  beta  subunits  in  bovine  ATP  synthase,  the  three 
subunits  of  human  apolipoprotein  A-1,  and  the  dimer  of  human 
kinesin  3C.  This  argument  is  consistent  with  the  time-honored 
understanding  that  proteins  in  solution  undergo  substantial  con¬ 
formational  change. 

Though  the  evidence  in  favor  of  charge-charge  interaction  low¬ 
ering  the  pKa  of  the  reactive  tyrosines  in  order  to  activate  them 
is  compelling,  it  would  be  naive  to  suggest  that  other  factors 
may  not  play  a  role.  For  example,  several  instances  where  a  non¬ 
reactive  tyrosine  was  found  to  be  3-6  A  from  a  positively-charged 
residue  are  given  in  Table  4  (see  human  serum  albumin  and  human 
a2-glycoprotein,  zinc).  That  these  residues  are  not  reactive  can 
be  ascribed  to  steric  constraints.  An  analogous  situation  exists 
for  3-nitrotyrosine,  which  has  a  pKa  of  6.5.  Based  on  its  pKa,  3- 
nitrotyrosine  was  expected  to  react  with  OP.  However,  nitration 
of  human  serum  albumin  and  the  synthetic  peptide  RYGRK  with 
peroxynitrite  resulted  in  a  preparation  that  showed  no  reactivity 
toward  OP  (PM,  unpublished  observations).  Absence  of  reactivity 
might  again  be  due  to  steric  interference,  this  time  from  the  vicinal 
nitro  group. 

In  summary,  the  above  correlations  strongly  suggest  that  most, 
if  not  all,  OP-reactive  tyrosines  are  activated  by  the  nearby  pres¬ 
ence  of  a  positively-charged  residue  that  is  capable  of  forming  a 
charge-charge  ion-pair  with  the  phenolate  oxygen  of  the  tyrosine, 
thereby  lowering  the  tyrosine  pKa,  and  enhancing  its  nucleophilic 
character  for  reaction  with  the  OP. 

3.11.  Comparison  of  OP-tyrosine  adducts  with  OP-serine  adducts 

It  is  well  accepted  that  activated  serine  residues,  such  as  those 
found  in  the  active  sites  of  serine  esterases  and  proteases,  react  with 
organophosphorus  agents.  Recently,  it  has  become  apparent  that 
selected  tyrosine  residues  will  also  react  with  organophosphorus 
agents.  Not  surprisingly,  the  physical  properties  of  these  two  classes 
of  organophosphorus  adducts  are  distinct. 

For  example,  serine  adducts  readily  undergo  beta  elimination 
(McLafferty  rearrangement  in  the  mass  spectrometer)  to  release 
the  organophosphorus  moiety,  leaving  behind  a  dehydroalanine 
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Table  4 

Ion-pairing  analysis  of  protein  crystal  structures:  evaluation  of  interactions  between  OP-labeled  tyrosines  and  arginine,  lysine  and/or  histidine  residues. 


Peptide^ 

Labeled  residue'’ 

Exposed/buried'^ 

Ion-pair  residue'’ 

Distance^  (A) 

Human  serum  albumin  [PDB  file  IBMO,  2.50A  resolution] 

There  are  two  monomers  in  the  unit  cell  for  this  human  serum  albumin  structure.  Measurements  are  given  for  both  the  alpha  and  beta  monomers. 

Y*TK  (A  subunit) 

Y411 

Exposed 

K414 

5.26 

R410 

4.53 

Y*TK  (B  subunit) 

Y411 

Exposed 

K414 

5.47 

R410 

6.56 

HPY*FYAPELLFFAK  (A  subunit) 

Y148 

Exposed 

K106 

5.27 

R197 

3.58 

HPY*FYAPELLFFAK  (B  subunit) 

Y148 

Exposed 

K106 

5.65 

R197 

4.10 

HPYFY*APELLFFAK  (A  subunit) 

Y150 

Exposed 

H242-N82 

3.81 

R257 

3.75 

HPYFY*APELLFFAK  (B  subunit) 

Y150 

Exposed 

H242-N82 

3.44 

R257 

4.07 

MPCAEDDY*LSWLNQLCVLHEK  (A  subunit) 

Y452 

Exposed 

K436 

4.47 

I<432 

5.69 

MPCAEDDY*LSWLNQLCVLHEK  (B  subunit) 

Y452 

Exposed 

K436 

4.80 

K432 

6.15 

QNCELFEQLGEY*K  (A  subunit) 

Y401 

Exposed 

K525 

4.84 

QNCELFEQLGEYH<  (B  subunit) 

Y401 

Exposed 

I<525 

3.67 

Y*KAAFTECCQAADK  (A  subunit) 

Y161 

Exposed 

R117 

8.46 

Y*LYEIAR  (A  subunit) 

Y138 

Exposed 

R160 

7.89 

R117 

10.06 

Note  that  Y140  was  exposed  to  solvent  and  was  2.69  A  from  a  potential  ion-pairing  partner  in  R144,  but  this  residue  has  not  been  found  to  be  labeled  by  OP. 

Human  Transferrin  [PDB  file  2HAV,  2.70  A  resolution] 

This  is  the  structure  for  apo-transferrin.  Both  apo-  and  holo-  transferrin  react  with  OP  at  the  same  sites,  and  there  is  no  effect  of  OP  labeling  on  the  affinity  of 

apo-transferrin  for  iron. 

I<PVDEY*K 

Y238 

Exposed 

K239 

4.29 

H207-N82 

4.46 

KPVEEY*ANCHLAR 

Y574 

Exposed 

H535-N82 

4.36 

Human  a2-glycoprotein,  zinc  [PDB  file  1T7V,  1.95  A  resolution] 

AY*LEEECPATLR 

Y161 

Exposed 

R73 

5.03 

YY^YDGKDYIEFNK 

Y118 

Exposed 

K116 

4.25 

RlOO 

5.01 

WEAEPV*VQR 

Y154 

Exposed 

R157 

5.58 

Note  that  a  number  of  other  tyrosines  were  within  ion-pairing  distance  of  positively  charged  residues,  were  exposed  to  solvent,  but  were  not  labeled  by  OP:  Y119  was 

3.23  A  from  H95-N81:  Y211  was  4.97  A  from  R183:  and  Y258  was  5.01  A  from  R221. 

Bovine  Tubulin  alpha  [PDB  file  IJFF-with  taxol,  3.5  angstrom  resolution] 

IHFPLATY*APVISAEK 

Y272 

Exposed 

R320 

4.73 

EDAANNY*AR 

Y103 

Exposed 

H107-N82 

4.20 

H192-N81 

5.13 

GHY*TIGK 

Y108 

Exposed 

H107-N82 

4.67 

FDLMY^AK 

Y399 

Exposed 

R402 

2.83 

TGTY*R 

Y83 

Exposed 

R229 

7.47 

AFVHWY*VGEGMEEGEFSEAR 

Y408 

Buried 

H406-N82 

11.09 

FDGALNVDLTEFQTNLVPY*PR 

Y262 

Exposed 

H266-N81 

8.52 

R264 

13.27 

VGINY*QPPTWPGGDLAK 

Y357 

Exposed 

R373 

12.75 

K370 

13.04 

LSVDY*GI< 

Y161 

Exposed 

R123 

7.19 

Bovine  Tubulin  beta  [PDB  file  IJFF  (with  taxol),  3.5  angstrom  resolution] 

GHY*TEGAELVDSVLDWR 

Y108 

Exposed 

H107-N81 

4.72 

NSSY*FVEWIPNNI< 

Y342 

Exposed 

R308 

4.91 

EEY*PDR 

Y161 

Exposed 

R123 

6.47 

Y*VPR 

Y61 

Exposed 

H28-N81 

10.57 

H37-N81 

10.73 

K60 

12.92 

R64 

12.18 
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Table  4  (Continued) 

Peptide^ 

Labeled  residue*^ 

Exposed/buried^ 

Ion-pair  residue'^ 

Distance^  (A) 

GSQQY*R 

Y283 

Exposed 

K218 

11.34 

K372 

15.62 

Y*LTVAAFR 

Y312 

Exposed 

R308 

11.37 

R311 

11.47 

1NVYY*NEATGGK 

Y53 

Buried 

H28-N82 

6.25 

Human  Kinesin  3C  motor  domain  [PDB  file  3B6U,  1.80  angstrom  resolution] 

There  are  two  monomers  in  the  unit  cell  for  this  human  kinesin  structure.  Measurements  are  given  for  both  the  alpha  and  beta  monomers. 

ASY*LE1YQ,EE1R  (A  subunit) 

Y144 

Exposed 

R201 

4.83 

ASY*LE1YQ,EE1R(B  subunit) 

Y144 

Exposed 

R201 

5.07 

Bovine  Actin  alpha  from  skeletal  muscle  in  complex  with  DNAase  1  [PDB  file  2A42, 1.85  A  resolution] 

DSY*VGDEAQ,SK 

Y53 

Exposed 

K50 

4.81 

K61 

5.29 

1WHHTFY*NELR 

Y91 

Exposed 

H87-N82 

5.06 

DLTDY^LMK 

Y188 

Exposed 

R256 

4.32 

GY^SFVTTAER 

Y198 

Exposed 

R196 

8.09 

QEY^DEAGPSIVHR 

Y362 

Exposed 

K359 

6.66 

iai8 

9.00 

SY*ELPDGQV1T1GNER 

Y240 

Exposed 

K215 

6.49 

Porcine  Pepsin  [PDB  file  4PEP,  1.80  A  resolution] 

QYY^TVFDDR 

Y310 

Buried 

N-Terminal 

10.93 

Bovine  chymotrypsinogen  [PDB  file  1EX3.  3.0  A  resolution] 

Y*TNANTPDR 

Y146 

Exposed 

R145 

5.29 

Bovine  ATP  synthase  beta  [PDB  file  2CK3, 1.95  A  resolution] 

No  crystal  structure  for  mouse  ATP  synthase  could  be  found.  However,  the  sequence  of  the  beta  subunit  of  bovine  ATP  synthase  is  98.2%  identical  to  that  of  the  mouse  beta 

subunit.  Therefore  it  is  reasonable  to  use  the  bovine  coordinates  to  represent  the  mouse  protein. 

ATP  synthase  beta  is  a  component  of  mitochondrial  membrane  ATP  synthase.  The  complete  structure  of  the  ATP  synthase  consists  of  two  components,  F(1 )  and  F(0).  F(0)  is 

composed  of  3  subunits  (A,  B,  and  C).  F(l)  is  composed  of  5  subunits  (a,  [3,  7,  8,  and 

8  in  a  stoichiometry  of  3 :3 : 1 : 1 : 1 ).  The  three  p-subunits  are  designated  D,  E  and  F  in 

the  crystal  structure. 

1LQ,DY*1<  (D  subunit) 

Y381 

Exposed  (barely) 

R412d 

6.52 

R408d 

2.96 

1LQ,DY*K(E  subunit) 

Y381 

Exposed 

R412e 

5.67 

R408e 

2.99 

1LQ,DY*K(F  subunit) 

Y381 

Exposed 

R412f 

6.56 

R408f 

3.44 

Mouse  Adenine  Nucleotide  Translocase  1  [PDB  file  2C3E,  2.80  A  resolution] 

No  crystal  structure  for  mouse  Adenine  Nucleotide  Translocase  1  could  be  found.  However,  the  sequence  of  bovine  adenine  nucleotide  translocase  1  is  94.6%  identical  to 

that  of  the  mouse.  Therefore  it  is  reasonable  to  use  the  bovine  coordinates  to  represent  the  mouse  protein. 

Y*FPTQALNFAFK 

Y80 

Exposed 

K22 

R78 

10.38 

11.17 

Human  apolipoprotein  A-1  [PDB  file  2A01,  2.40  A  resolution] 

There  are  three  monomers  in  the  unit  cell  for  this  human  apolipoprotein  A-1  structure. 

DY*VSQFEGSALGK  (A  subunit) 

Y29 

Exposed 

K59 

4.63 

DY*VSQFEGSALGK  (B  subunit) 

Y29 

Exposed  (barely) 

K59 

4.82 

DY*VSQFEGSALGK  (C  subunit) 

Y29 

Buried 

K59 

4.75 

^  The  asterisk  (*)  indicates  the  labeled  tyrosine. 

^  Numbering  is  for  the  mature  sequence. 

Exposed  is  defined  as  the  phenolic  oxygen  of  the  tyrosine  being  visible  when  the  surface  option  for  the  atom  display  is  chosen  in  PyMOL.  Buried  is  defined  as  the  phenolic 
oxygen  of  the  tyrosine  not  being  visible. 

^  Distance  is  defined  as  the  space  between  the  phenolic  oxygen  of  the  tyrosine  and  its  ion-pair.  For  arginine-tyrosine  ion-pairs,  the  shortest  distance  between  the  phenolate 
oxygen  and  the  guanidinium  group  is  taken.  For  histidine-tyrosine  ion-pairs,  the  distance  between  the  phenolate  oxygen  and  the  nearest  ring  nitrogen  is  taken. 


in  place  of  the  original  serine.  We  have  found  no  evidence  that 
OP-tyrosine  adducts  release  the  organophosphyl-moiety.  As  a  con¬ 
sequence  of  the  facile  elimination  of  OP  from  serine  adducts  under 
CID  conditions  in  the  mass  spectrometer,  there  are  no  characteristic 
fragments  in  the  mass  spectra  of  most  OP-labeled  serine  contain¬ 
ing  peptides.  The  presence  of  the  OP  on  the  peptide  is  indicated 
by  the  mass  of  the  parent  ion  and  the  presence  of  dehydroalanine 
in  the  fragmentation  sequence.  The  relative  stability  of  OP-tyrosine 
adducts  during  CID  yields  an  abundance  of  characteristic  fragments 


that  are  diagnostic  for  the  nature  of  the  label.  These  fragments 
in  combination  with  the  parent  ion  mass  and  the  characteristic 
steps  in  the  masses  that  define  the  peptide  sequence  provide  strong 
evidence  for  the  presence  and  nature  of  OP-labeled  tyrosines  in 
selected  peptides. 

The  organophosphonate  FP-biotin  is  unique  among  the  OP 
agents  in  that  CID  fragmentation  in  the  mass  spectrometer  yields 
characteristic  masses  for  both  labeled  serine  and  labeled  tyro¬ 
sine.  FP-biotinylated  tyrosine  yields  fragments  at  227,  312  and 
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329  amu  that  correspond  to  portions  of  the  FP-biotin  label,  as 
well  as  fragments  at  708  and  691  amu  that  correspond  to  the  FP- 
biotinylated  tyrosine  immonium  ion  and  its  deaminated  derivative. 
FP-biotinylated  serine  yields  the  227,  312  and  329  amu  fragments, 
and  in  addition  a  fragment  at  591  amu  that  corresponds  to  the  beta 
eliminated  form  of  FP-biotin. 

Another  useful  difference  in  the  properties  of  these  two  OP- 
labeled  residues  concerns  the  process  of  aging.  Aging  is  a  secondary 
reaction  of  OP-labeled  serine  that  is  catalyzed  by  active  site  residues 
in  certain  serine  hydrolases  such  as  cholinesterases  and  serine  pro¬ 
teases.  Aging  results  in  the  hydrolysis  of  one  of  the  alkoxy  ligands  to 
the  phosphorus,  yielding  the  corresponding  alcohol  and  a  hydroxyl 
ligand  on  the  phosphorus  [43  ].  OP-labeled  tyrosines  do  not  undergo 
this  secondary  reaction.  This  difference  becomes  noteworthy  when 
trying  to  diagnose  the  type  of  OP  agent  that  has  reacted  with 
a  sample.  For  example,  sarin-labeled  butyrylcholinesterase  and 
soman-labeled  butyrylcholinesterase  both  age  to  give  the  same 
product,  methylphosphonate  labeled  serine  [44].  Thus  the  parent 
ion  masses  for  the  aged  active  site  peptide  from  samples  that  were 
exposed  to  either  of  these  agents  will  be  the  same.  In  principle, 
detection  of  the  unaged  product  is  possible  because  aging  of  sarin 
on  human  BChE  is  reasonably  slow  {tV2  =  6Ah).  However,  in  order 
to  take  advantage  of  this  difference,  samples  from  exposed  indi¬ 
viduals  must  be  taken  within  24  h  of  exposure  and  aging  arrested. 
On  the  other  hand,  since  sarin-labeled  albumin  and  soman-labeled 
albumin  do  not  age,  the  parent  ion  masses  for  the  labeled  peptides 
are  diagnostic  for  the  agent  that  was  involved  in  the  initial  exposure 
long  after  the  time  of  exposure. 

4.  Conclusion 

The  fragmentation  patterns  for  OP-labeled  tyrosine  adducts 
described  above  should  aid  in  the  discovery  of  proteins  and  pep¬ 
tides  labeled  by  OP.  The  presence  of  characteristic  ion  masses  in  the 
MSMS  data  provide  assurance  that  a  peptide  is  covalently  modified 
on  tyrosine  by  a  particular  OP. 

These  results  illustrate  the  binding  of  OP  to  tyrosine  on  a  variety 
of  proteins.  Tyrosine  is  a  new  target  for  OP  binding,  supplementing 
the  traditional  active  site  serine  in  serine  esterases  and  proteases. 
As  such,  tyrosine  constitutes  a  new  binding  motif  for  OP  reactivity. 
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Methamidophos,  dichlorvos,  0-methoate  and 
diazinon  pesticides  used  in  Turkey  make  a 
covalent  bond  with  butyrylcholinesterase 
detected  by  mass  spectrometry 

Ozden  TacaP  and  Oksana  Lockridge'^^ 


ABSTRACT:  Organophosphorus  pesticides  used  most  commoniy  in  Turkey  inciude  methamidophos,  dichiorvos,  0-methoate 
and  diazinon.  These  toxic  chemicais  or  their  metaboiites  make  a  covaient  bond  with  the  active  site  serine  of 
butyrylcholinesterase.  Our  goal  was  to  identify  the  adducts  that  resuit  from  the  reaction  of  human  butyryicholinesterase  with 
these  pesticides.  Highly  purified  human  butyryicholinesterase  was  treated  with  a  20-foid  moiar  excess  of  pesticide.  The  protein 
was  denatured  by  boiiing  and  digested  with  trypsin.  MS  and  MSMS  spectra  of  HPLC-purified  peptides  were  acquired  on  a 
MALDi-TOF-TOF  4800  mass  spectrometer,  it  was  found  that  methamidophos  added  a  mass  of +93,  consistent  with  addition  of 
methoxy  aminophosphate.  A  minor  amount  of  adduct  with  an  added  mass  of +1 09  was  aiso  found.  Dichiorvos  and  0-methoate 
both  made  dimethoxyphosphate  (+108)  and  monomethoxyphosphate  adducts  (+94).  Diazinon  gave  a  novei  adduct  with  an 
added  mass  of  +152  consistent  with  diethoxythiophosphate.  inhibition  of  enzyme  activity  in  the  presence  of  diazinon 
developed  slowly  (15  h),  concomitant  with  isomerization  of  diazinon  via  a  thiono-thioio  rearrangement.  The  isomer  of 
diazinon  yieided  diethoxyphosphate  and  monoethoxyphosphate  adducts  with  added  masses  of +1 36  and  +1 08.  MSMS  spectra 
confirmed  that  each  of  the  pesticides  studied  made  a  covaient  bond  with  serine  1 98  of  butyryichoiinesterase.  These  resuits  can 
be  used  to  identify  the  ciass  of  pesticides  to  which  a  patient  was  exposed.  Copyright  ©  2010  John  Wiiey  &  Sons,  Ltd. 

Keywords:  human  butyrylcholinesterase;  organophosphorus  pesticides;  mass  spectrometry;  methamidophos;  diazinon; 

0-methoate;  dichiorvos;  thiono-thioio 


INTRODUCTION 

Turkey  is  a  major  producer  and  exporter  of  agricultural  products. 
Pesticides  are  used  in  farms,  greenhouses  and  grape  vineyards. 
Pesticide  consumption  is  lower  than  in  European  countries 
probably  because  of  economic  constraints.  However,  ignorance 
of  protective  cautions  and  use  of  prohibited  pesticides  cause 
health  problems  in  Turkey.  The  Ministry  of  Agriculture  provides 
financial  support  for  certain  pesticides,  but  since  July  1999  the 
use  of  very  poisonous  types  of  pesticides  has  been  limited. 
According  to  the  2008  annual  report  of  the  National  Poison 
Center  (Refik  Saydam  Hygiene  Center),  8.34%  of  the  77988 
people  who  were  diagnosed  as  poisoned  were  poisoned  by  pes¬ 
ticides.  Organophosphorus  pesticide  (OP)  poisonings  consti¬ 
tuted  20.98%  of  all  pesticide  poisonings  in  Turkey  (Ergonen 
etal.,  2005;  Turgut  etal.,  2009). 

The  OP  pesticides  most  frequently  used  in  Turkey  are  metha¬ 
midophos  (Tamaron),  dichiorvos,  0-methoate  and  diazinon 
(Ergonen  etal.,  2005;  Fig.  1).  These  toxic  chemicals  or  their 
metabolites  make  a  covalent  bond  with  the  active  site  serine  of 
butyrylcholinesterase  (BChE,  EC  3. 1.1. 8),  resulting  in  inhibition  of 
BChE  activity  (Main,  1976;  Whittaker,  1986). The  inhibited  butyryl¬ 
cholinesterase  in  plasma  serves  as  a  biomarker  of  OP  exposure 
(Altintop  etal.,  2005;  Yardan  etal.,  2007;  Yurumez  etal.,  2007; 
Kavalci  etal.,  2009). 


In  Turkey,  exposure  to  OP  pesticides  is  inferred  by  measuring 
BChE  activity  in  plasma  (Altintop  etal.,  2005;  Yardan  etal.,  2007; 
Yurumez  etal.,  2007;  Kavalci  etal.,  2009).  A  limitation  of  this 
method  is  that  it  does  not  identify  the  poison.  A  variety  of  agents 
inhibit  BChE  including  the  Alzheimer  drugs  tacrine  and  rivastig- 
mine  (Darvesh  etal.,  2003),  OP  nerve  agents  (Fidder  etal.,  2002; 
Nicolet  etal.,  2003),  carbamate  pesticides  (Li  etal.,  2009),  plant 
poisons  such  as  physostigmine  (eserine)  from  the  Calabar  bean 
(Easson  and  Stedman,  1 936),  a  naturally  occurring  OP  in  the  blue- 
green  algae  Anabaena  flos-aquea  (Mahmood  and  Carmichael, 
1987;  Matsunaga  etal.,  1989)  and  OP  pesticides.  A  method  that 
can  directly  measure  the  OP-adducted  form  of  the  enzyme  would 
distinguish  between  classes  of  poisons.  Information  of  this  type 
could  be  useful  for  identifying  the  poison,  and  for  proving 
exposure. 
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Center,  Omaha,  NE  68198-5950,  USA. 

E-mail:  olockrid@unmc.edu 

Department  of  Biochemistry,  School  of  Pharmacy,  University  ofHacettepe  06100 
Ankara,  Turkey 
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Pesticide  Adducts  on  Serine  198  of  human  BChE 
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Figure  1.  Structures  of  pesticides  and  the  adducts  formed  by  covalent  binding  to  Serine  198  of  human  BChE.  Isomerization  of  diazinon  via  a 
thiono-thiolo  rearrangement  occurred  in  solution.  The  unlabeled  active  site  peptide  of  BChE  (accession  number  gi:1 1 6353)  produced  by  digestion  with 
trypsin  has  a  monoisotopic  mass  of  2928.5  amu. 


MATERIALS  AND  METHODS 

Materials 

Seventy  liters  of  outdated  human  plasma  were  obtained  from  the 
University  of  Nebraska  Hospital  blood  bank.  Human  BChE  was 
purified  from  the  outdated  plasma  by  ion  exchange  chromatog¬ 
raphy  at  pH  4,  followed  by  procainamide  affinity  chromatography 
and  ion  exchange  chromatography  at  pH  7.4  (Lockridge  etal., 
2005).  Purified  BChE  (54%  pure)  had  an  activity  of  2620  U  mM 
assayed  with  1  mM  butyrylthiocholine  at  pH  7.0  and  25  °C,  and 
a  BChE  protein  concentration  of  3.64  mg  mM.  Butyrylthiocho¬ 
line  iodide  and  5,5'-dithiobis(2-nitrobenzoic  acid)  were  from 
Sigma-Aldrich  (St  Louis,  MO,  USA).  Methamidophos  98.4%  pure 
(PS-676),  dichiorvos  98.0%  pure  (PS-89)  and  0-methoate  97.3% 
pure  (PS-2017)  were  from  ChemService  (West  Chester,  PA,  USA). 
Diazinon  96.7%  pure  (S-87-1 185)  was  from  Ciba  Crop  Protection 
(Greensboro,  NC,  USA).  OP  stock  solutions  (50  mM)  were  prepared 
in  methanol  or  acetonitrile.  Sequencing-grade  modified  porcine 


trypsin  (V5113)  was  from  Promega  (Madison,  Wl,  USA),  a- 
Cyano-4-hydroxycinnamic  acid  (CHCA)  was  from  Applied  Bio¬ 
systems  (Foster  City,  CA,  USA). 


Inhibition  of  BChE  by  OP 

Highly  purified  human  BChE  (0.2  mg  in  0.055  ml  of  lOmM 
NH4HCO3  pH  8.3;  42  jiM)  was  reacted  with  1  jil  of  50  mM  OP  at 
22  °C  to  give  a  20-fold  molar  excess  of  OP  over  BChE  active  sites. 
The  reaction  was  stopped  by  heating  the  sample  in  a  boiling 
water  bath. 

The  BChE  concentration  in  human  plasma  is  0.050  jiM.  Humans 
are  unlikely  to  survive  a  pesticide  dose  20-fold  higher  than  the 
plasma  BChE  concentration.  Our  studies  treated  purified  human 
BChE  with  a  20-fold  molar  excess  of  pesticide  to  achieve 
maximum  labeling  of  BChE.  The  purpose  of  our  study  is  to  deter¬ 
mine  the  mass  of  the  adducts  on  human  butyrylcholinesterase 
after  butyrylcholinesterase  has  been  modified  by  organophos- 
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phorus  pesticides.  The  adduct  nnass  nnust  be  known  before  one 
can  set  up  a  multiple  reaction  monitoring  experiment  in  the  mass 
spectrometer  to  search  for  adducts  in  human  plasma.  Our  study 
provides  the  background  information  that  is  needed  for  analyz¬ 
ing  real  life  blood  samples  from  exposed  humans. 


Assay  of  BChE  Activity 

BChE  activity  was  assayed  at  25  °C  by  the  Ellman  method  (Ellman 
etal.,  1961).  The  assay  mixture  (2  ml)  contained  lOOmM  potas¬ 
sium  phosphate  buffer  (pH  7.0),  1  mM  butyrylthiocholine  and 
0.5  mM  5,5'-dithiobis(2-nitrobenzoic  acid).  The  reactions  were 
initiated  by  adding  enzyme.  The  rate  of  butyrylthiocholine 
hydrolysis  was  monitored  by  the  increase  in  absorbance  at 
41 2  nm  on  a  Gilford  spectrophotometer.  BChE  activity  was  calcu¬ 
lated  in  the  initial  60s  period  using  the  extinction  coefficient 
(E412  =  13.6  mM“^  cm“^). 


Trypsin  Digestion  and  HPLC 

OP-treated  BChE  was  boiled  for  10  min  in  a  water  bath  to  dena- 
turate  and  unfold  the  protein,  thereby  allowing  trypsin  access  to 
cleavage  sites.  BChE  (200  pig  in  55  pil  of  10  mM  ammonium  bicar¬ 
bonate  pH  8.3)  was  digested  overnight  at  37  °C  with  20pil  of 
0.4  pig  piM  trypsin  (8  pig  in  50  mM  acetic  acid).  A 1  pil  aliquot  of  1  M 
ammonium  bicarbonate  was  added  to  adjust  the  pH  to  8.3. 

Trypsinized  BChE  was  injected  into  a  Phenomenex  Cis  column 
(100  X  4.6  mm)  on  a  Waters  625  LC  system  to  purify  the  labeled 
active  site  peptide.  Peptides  were  eluted  with  a  60  min  gradient 
starting  with  100%  buffer  A  (0.1%  trifluoroacetic  acid  in  water) 
and  ending  with  60%  buffer  B  (acetonitrile  containing  0.09%  tri¬ 
fluoroacetic  acid)  at  a  flow  rate  of  1  ml  min  T  One  milliliter  frac¬ 
tions  were  collected. 


Matrix-assisted  Laser  Desorption/ionization  Time  of  Fiight 
(MALDi-TOF-TOF)  Mass  Spectrometry 

HPLC  fractions  were  analyzed  in  the  MS  and  MSMS  modes  of  the 
MALDI-TOF-TOF  4800  mass  spectrometer  (Applied  Biosystems, 
Foster  City,  CA,  USA).  Salt-free  HPLC  fractions  (0.5  pil)  were 
spotted  on  a  MALDI  plate  (Opti-TOF  384  well  Insert  from  Applied 
Biosystems),  air-dried  and  overlaid  with  0.5  pil  of  a-cyano- 
4-hydroxycinnamic  acid  (lOmgmM  in  50%  acetonitrile,  0.1% 
trifuoroacetic  acid).  MS  spectra  were  acquired  using  positive 
reflector  mode  with  laser  intensity  at  4000  V.  Each  MS  spectrum 
was  the  sum  of  500  laser  shots.  Parent  ion  masses  corresponding 
to  labeled  BChE  active  site  peptides  were  fragmented  in  the 
MSMS  mode  to  determine  the  peptide  sequence  and  to  identify 
the  modified  amino  acid.  Each  MSMS  spectrum  was  the  sum  of 
2500  laser  shots.  They  ions  and  b  ions  in  the  MSMS  spectra  were 
assigned  with  the  aid  of  the  Proteomics  Toolkit,  a  free  online 
fragment  ion  calculator  (http://db.systemsbiology.net). 

RESULTS 

Inhibition  of  BChE  by  Methamidophos,  Dichlorvos, 
0-methoate  and  Diazinon 

After  1  h  reaction  of  BChE  with  a  20-fold  molar  excess  of  OP, 
enzyme  inhibition  levels  were  97-100%  for  methamidophos. 


dichlorvos  and  0-methoate.  As  expected,  diazinon  did  not  sig¬ 
nificantly  inhibit  BChE  in  1  h;  phosphorothioates  become  good 
inhibitors  only  after  oxidative  desulfuration  by  cytochrome  P450 
(Sultatos,  1994).  After  7  h  the  diazinon-treated  BChE  was  inhib¬ 
ited  20%.  The  incubations  with  methamidophos,  dichlorvos  and 
0-methoate  were  stopped  after  7  h.  The  incubation  with  diazi¬ 
non  was  continued  for  a  total  of  15  h,  at  which  time  the  BChE 
activity  was  inhibited  52%. 


Analysis  of  Methamidophos-BChE  Adducts  by  Mass 
Spectrometry 

Digestion  of  human  BChE  with  trypsin  generates  a  29  amino  acid 
active  site  peptide  extending  from  Ser  1 91  to  Arg  219  (Lockridge 
etal.,  1987).  The  amino  acid  sequence  of  this  peptide  is  ^^^SerVal 
ThrLeuPheGlyGluSERAIaGlyAlaAlaSerValSerLeuHisLeuLeuSerPro 
GlySerHisSerLeuPheThrArg^^^  (gi:1 1 6353  is  the  accession  number 
in  the  NCBI  nonredundant  database).  The  active  site  serine  is 
shown  in  bold  uppercase  letters.  The  monoisotopic  mass  of  the 
unlabeled  peptide  is  2928.5  amu. 

When  human  BChE  was  reacted  with  methamidophos,  two 
new  masses  appeared  in  the  MS  spectrum  (Fig.  2A).  The  mass  at 

3021.5  amu  is  consistent  with  addition  of  methoxy  aminophos- 
phate  (-1-93  amu)  and  release  of  thiomethyl  upon  covalent  bond 
formation  with  BChE  (Fig.  1).  The  small  peak  at  3037.5  amu  is 
consistent  with  addition  of  thiomethyl  aminophosphate  (-1-109 
amu)  and  release  of  the  methoxy  group.  Thus,  methamidophos 
yields  two  types  of  adducts.  The  peak  height  of  the  adduct  at 

3037.5  amu  was  approximately  5%  of  that  of  the  adduct  at  3021 .5 
amu.  This  means  thiomethyl  is  a  better  leaving  group  than 
methoxy,  a  result  supported  by  the  literature  (Thompson  and 
Fukuto,  1 982).  No  aging  was  observed  after  7  h  at  pH  8.3, 22  °C.  If 
aging  had  occurred,  the  added  mass  from  methamidophos 
would  have  been  -i-79,  regardless  of  which  type  of  adduct  was 
formed  initially.  No  peptides  with  an  added  mass  of  -i-79  were 
observed. 

Figure  2(B)  shows  the  MSMS  spectrum  for  the  singly  charged 
parent  ion  of  mass  3021.5.  The  labeled  masses  correspond  to 
fragments  of  the  BChE  active  site  peptide.  The  most  prominent 
peak,  at  291 0.5  amu,  is  the  dehydroalanine  containing  parent  ion, 
designated  Ay29.This  mass  is  consistent  with  loss  of  the  organo- 
phosphorus  agent  together  with  a  molecule  of  water  from  the 

3021.5  parent  ion  to  yield  dehydroalanine  in  place  of  the 
OP-modified  active  site  serine.  Facile  loss  of  phosphate  from 
serine  to  yield  dehydroalanine  is  a  commonly  observed  fragmen¬ 
tation.  The  y22  ion  at  2288.6  amu  and  they24  ion  at  2474.2  amu 
are  consistent  with  fragments  that  retain  the  organophosphorus 
agent  on  serine  198.  Their  presence  provides  proof  that  the 
modified  amino  acid  is  Serine  198.  Evidence  from  Fig.  2(B) 
establishes  that  the  3021.5  amu  ion  is  the  active  site  peptide  of 
BChE  wherein  the  active  site  serine  is  labeled  with  methoxy 
aminophosphate. 


O-methoate  and  Dichlorvos  Adducts 

0-methoate  and  dichlorvos  both  made  a  dimethoxyphosphate 
adduct  with  the  BChE  active  site  peptide,  to  give  a  singly  charged 
tryptic  peptide  with  a  mass  of  3036.5  amu.  In  addition,  the  aged 
monomethoxyphosphate  adduct  with  a  mass  of  3022.5  amu  was 
observed  with  both  reagents.  Figure  3  shows  the  MS  spectrum  of 
the  BChE  peptide  labeled  with  O-methoate,  for  the  sample  in 
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Figure  2.  Methannidophos  adducts  of  BChE.  (A)  MS  spectrunn  showing  masses  of  the  two  adducts  produced  by  covalent  binding  of  methamidophos 
to  BChE.  The  thiomethyl  group  is  displaced  to  make  the  3021 .5  amu  adduct.  A  less  favored  reaction  results  in  release  of  the  methoxy  group  to  make  the 
3037.5  amu  adduct.  (B)  MSMS  spectrum  of  the  3021 .5  amu  parent  ion.  The  Ay29  ion  at  291 0.5  amu  has  lost  the  OP  and  a  molecule  of  water  during  the 
fragmentation  process.  The  intensity  of  Ay29  is  about  20-fold  greater  than  that  of  other  fragment  ions.  Loss  of  OP  and  water  converts  the  OP-labeled 
active  site  serine  to  dehydroalanine,  symbolized  by  A.  A  second  dehydroalanine  ion  is  at  Ay25.  The  y22  and  y24  ions  enclosed  in  boxes  carry  the  OP  on 
Serine  198. 


HPLC  fraction  36.  The  MS  spectrum  for  dichlorvos  labeled  BChE 
was  indistinguishable  from  the  MS  spectrum  of  0-methoate 
labeled  BChE.  The  relative  heights  of  the  peaks  in  Fig.  3  are  not 
representative  of  the  relative  ratio  of  the  aged  and  unaged  pep¬ 
tides  because  the  aged  peptide  also  eluted  in  fraction  35.  MSMS 
spectra  of  the  3036.5  and  3022.5  amu  parent  ions  fully  supported 
the  assignment  of  the  labeled  amino  acid  as  Serine  198  of  BChE 
(data  not  shown). 

Aging  is  defined  as  the  loss  of  an  alkyl  group  from  the 
OP-modified  enzyme.  Aging  is  catalyzed  by  Glu  197  and  His  438 
(Nachon  etoL,  2005);  aging  is  halted  by  denaturing  the  BChE 
enzyme  (Li  etal.,  2009). 

Diazinon  makes  a  Covalent  Bond  without  Prior 
Desuifuration;  the  3080.5  Adduct 

The  reaction  of  diazinon  with  BChE  yielded  three  BChE  adducts 
(Fig.4A).  The  adduct  with  a  monoisotopic  mass  of  3080.5  amu 
(Fig.  4B)  appeared  in  HPLC  fraction  35.  The  3080.5  mass  is  consis¬ 
tent  with  covalent  binding  of  diethoxythiophosphate  to  the 


active  site  serine.  The  structure  of  the  adduct  indicated  in  Fig.4B 
is  the  product  of  the  reaction  with  diazinon  and  requires  no  rear¬ 
rangement  of  atoms  in  diazinon.  The  3080.5  mass  is  also  consis¬ 
tent  with  binding  of  thioethyl  ethoxyphosphate.  This  alternative 
adduct  would  be  produced  from  a  rearranged  diazinon  in  which 
the  sulfur  atom  exchanged  with  an  oxygen  atom  to  yield 
0-pyrimidine  5-ethyl  0-ethylphosphate  (Fig.  1). 

Proof  that  the  ion  at  3080.5  amu  is  an  OP-modified  BChE  active 
site  peptide  is  provided  in  the  MSMS  spectrum  in  Fig.4C.  The 
singly  charged  parent  ion  of  mass  3080.5  yielded  a  prominent 
peak  at  2910.5  amu,  designated  Ay29  in  the  figure.  An  intense 
fragment  ion  at  2910  amu  is  commonly  seen  when  the 
OP-labeled,  BChE  active-site  peptide  is  subjected  to  fragmenta¬ 
tion  in  the  MALDI-TOF-TOF  4800.  It  represents  loss  of  the  organo- 
phosphorus  agent  and  a  molecule  of  water,  with  conversion  of 
the  OP-labeled  serine  to  dehydroalanine.  The  intensity  of  the 
Ay29  ion  is  25-fold  greater  than  the  intensity  of  other  ions.  To 
visualize  the  other  ions  it  was  necessary  to  cut  off  most  of  the 
signal  from  the  Ay29  ion  in  Fig.  4C.The  other  annotated  peaks  are 
consistent  with  the  fragmentation  pattern  of  the  BChE  active  site 
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3036.5 


Figure  3.  O-methoate  adduct  of  BChE,  MS  spectrum.  0-methoate  and  dichlorvos  make  the  same  adducts  with  BChE.  The  peptide  with  mass  3036.5 
is  the  dimethoxyphosphate  adduct.  The  peptide  with  mass  3022.5  is  the  monomethoxyphosphate  adduct,  which  has  lost  a  methoxy  group  as  a 
consequence  of  aging. 


Figure  4.  Diazinon  makes  an  unusual  adduct  with  BChE.  (A)  MS  spectrum  shows  adducts  with  masses  of  3036.2  and  3064.3  in  fraction  37  from  the 
HPLC.  These  adducts  are  from  the  reaction  of  an  isomer  of  diazinon  with  BChE.  (B)  MS  spectrum  shows  an  adduct  with  a  mass  of  3080.5  in  fraction  35. 
The  peak  at  3080.5  is  modified  on  Serine  198  by  diethoxythiophosphate.  Alternatively,  the  3080.5  mass  could  come  from  reaction  with  a  rearranged 
diazinon  to  yield  thioethyl  ethoxyphosphate.  (C)  The  MSMS  spectrum  of  the  singly  charged  parent  ion  m/z  3080.5  demonstrates  that  the  3080.5  amu 
peptide  is  the  active  site  BChE  peptide  modified  on  Serine  1 98  by  OP. 
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peptide.  In  addition  to  the  291 0.5  fragment,  the  Ab20  ion  at  1 91 0 
and  the  Ay22  ion  at  2177.8  amu  are  consistent  with  loss  of  the 
organophosphorus  agent  and  a  molecule  of  water,  and  the 
appearance  of  dehydroalanine. 

Phosphorothioates,  including  diazinon,  parathion  and  mala- 
thion,  are  poor  inhibitors  of  acetylcholinesterase  and  buty- 
rylcholinesterase.  Our  mass  spectrometry  results  suggest  that  the 
inhibition  rates  observed  in  kinetic  experiments  can  be  attrib¬ 
uted  in  part  to  the  covalent  bond  formed  between  the  phospho- 
rothioate  and  BChE.  However,  a  second  factor  must  also  be 
considered  and  that  is  the  isomerization  of  phosphorothioates, 
converting  them  to  oxons.  Oxons  react  rapidly  with  the  cholinest¬ 
erases,  so  the  rate-limiting  step  in  the  inhibition  reaction  would 
be  the  rate  of  isomerization. 

Isomerization  of  Diazinon  to  Expiain  the  3064.5  and 
3036.5  Adducts 

The  slow  inhibition  of  BChE  by  diazinon  was  accompanied  by 
formation  of  diethoxyphosphate  and  monoethoxyphosphate 
adducts  with  masses  of  3064.5  and  3036.5  amu  (Fig.  4A).  The 
sulfur  originally  present  in  diazinon  was  lost.  The  source  of  the 
diethoxyphosphate  adduct  at  3064.5  amu  can  be  rationalized  by 
invoking  a  thiono-thiolo  rearrangement  in  which  the  double 
bonded  sulfur  on  the  phosphorus  atom  is  exchanged  with  the 
oxygen  on  the  pyrimidinol  ring  (Thompson  et  ai,  1 989;  Barr  et  ai, 
2005).  The  rearranged  isomer  structure,  S-pyrimidine  0,0- 
diethylphosphate,  is  shown  in  Fig.  1.  The  thiono-thiolo  rear¬ 
rangement  is  an  established,  facile  isomerization  that  can  be 
induced  by  heat,  light  or  chemicals  (Thompson  etaL,  1989;  Barr 
etaL,  2005).  Subsequent  reaction  of  the  thiopyrimidine  isomer 
with  BChE  would  eliminate  the  thiopyrimidine  moiety  leaving  the 
diethoxyphosphate.  Aging  with  loss  of  one  ethoxy  group 
explains  the  monoethoxyphosphate  adduct  at  3036.5  amu. 

The  3064.5  and  3036.5  adducts  from  the  reaction  of  diazinon 
with  BChE  are  the  same  as  those  produced  by  reaction  with  dia- 
zoxon.  The  possibility  that  diazoxon  was  present  as  a  contami¬ 
nant  was  ruled  out  by  the  observation  that  inhibition  of  BChE 
occurred  slowly  over  a  15  h  incubation  period.  If  the  diazoxon 
had  been  present  as  a  contaminant  in  the  diazinon  solution,  inhi¬ 
bition  would  have  been  nearly  instantaneous  on  mixing  diazinon 
with  BChE.  Absence  of  a  diazoxon  contamination  in  the  diazinon 
preparation  eliminates  diazoxon  as  a  source  of  adducts  with 
masses  of  3064.5  and  3036.5  amu. 

MSMS  spectra  of  the  3064.5  and  3036.5  parent  ions  (data  not 
shown)  confirmed  that  these  were  BChE  peptides  and  that  the  OP 
was  covalently  bound  to  the  active  site  serine. 

DISCUSSION 

The  majority  of  pesticide  poisoning  cases  in  Turkey  are  suicide 
attempts  (Yurumez  etaL,  2007).  The  most  frequent  clinical  signs 
are  miosis,  respiratory  distress,  tachycardia,  loss  of  consciousness 
and  hypertension.  Out  of  220  cases  treated  in  hospital  emer¬ 
gency  rooms  in  Afyonkarahisar  and  Kayseri,  Turkey,  20  patients 
died.  Sometimes  the  diagnosis  of  poisoning  is  difficult.  Cases 
have  been  misdiagnosed  initially  as  brainstem  stroke  (Aygun, 
2004),  opioid  overdose  (Baydin  etaL,  2008)  and  foreign  body 
aspiration  (Caksen  etaL,  2005).  Laboratory  assays  showing  that 
plasma  butyrylcholinesterase  activity  was  below  normal  were 
helpful  for  achieving  the  correct  diagnosis  of  OP  poisoning. 
Treatment  strategies  depend  on  a  correct  diagnosis. 


The  acute  toxicity  of  organophosphorus  pesticides  is  due  to 
inhibition  of  acetylcholinesterase  in  nerve  synapses.  Inhibition  of 
butyrylcholinesterase  has  no  clinical  sequelae.  Butyrylcholinest¬ 
erase  is  a  good  marker  for  OP  exposure  because  BChE  reacts 
rapidly  with  OP  to  form  covalent  adducts  that  have  no  enzyme 
activity,  and  BChE  is  3000-fold  more  abundant  in  human  plasma 
than  acetylcholinesterase  (Brimijoin  and  Hammond,  1988).  It  is 
standard  practice  to  look  for  inhibition  of  plasma  BChE  activity  to 
aid  in  diagnosis  of  OP  pesticide  intoxication. 

Although  BChE  activity  assays  are  helpful  for  diagnosis,  they  do 
not  identify  the  poison.  Mass  spectrometry  can  distinguish 
between  classes  of  poison.  Our  mass  spectrometry  study  of  pure 
human  BChE  modified  by  four  OP  pesticides  will  serve  as  an  aid 
for  future  work  that  aims  to  analyze  plasma  samples  from  poi¬ 
soned  individuals. 

The  pesticides  in  the  present  report  have  not  previously  been 
tested  by  mass  spectrometry  of  adducts  with  human  BChE.  The 
reaction  of  methamidophos  with  human  and  Torpedo  californica 
acetylcholinesterase  has  been  studied  by  mass  spectrometry, 
and  has  been  found  to  yield  adducts  on  the  active  site  serine 
similar  to  the  major  adduct  we  found  for  BChE  (Elhanany  etaL, 
2001).  A  study  with  radiolabeled  methamidophos  showed  that 
thiomethyl  was  the  leaving  group  in  the  reaction  of  methami¬ 
dophos  with  electric  eel  acetylcholinesterase  (Thompson  and 
Fukuto,  1 982),  a  result  consistent  with  our  result  for  human  BChE. 
Aging  of  the  acetylcholinesterase  adducts  was  not  reported,  con¬ 
sistent  with  our  result  for  BChE  where  aging  was  not  observed  for 
samples  treated  with  methamidophos  for  7  h. 

Diazinon  is  widely  used  as  a  pesticide  in  sheep  dip  formula¬ 
tions,  spray  pesticides  for  household  use,  and  cat  flea  collars  (de 
Blaquiere  etaL,  2000;  Garfitt  etaL,  2002).  Diazinon  is  a  poor 
inhibitor  of  acetylcholinesterase  and  BChE  until  it  is  activated  to 
the  oxon.  Activation  to  the  oxon  is  mediated  by  liver  microsomal 
cytochrome  P450  (Mutch  and  Williams,  2006) .  A  second  route  to 
the  oxon  is  a  thiono-thiolo  rearrangement.  In  the  present  work 
the  thiono-thiolo  rearrangement  occurred  slowly  in  aqueous 
solution  to  produce  an  oxon  that  inhibited  the  activity  of  BChE.  A 
full  description  of  the  rearrangement  products  of  diazinon  is  pro¬ 
vided  by  Barr  etaL  (2005). 


Limitations 

A  mass  spectrometry  method  for  detection  of  OP  exposure  is  not 
expected  to  be  useful  to  the  clinician,  who  will  treat  patients 
based  on  their  symptoms.  Knowing  the  identity  of  the  poison  is, 
however,  likely  to  be  useful  to  forensic  toxicologists.  The  method 
distinguishes  classes  of  poisons,  but  does  not  distinguish 
between  poisons  that  add  an  identical  mass.  For  example,  dichlo- 
rvos  and  0-methoate  both  add  a  mass  of  1 08  for  dimethoxyphos- 
phate  or  a  mass  of  94  for  monomethoxyphosphate.  Another 
limitation  of  the  method  is  the  requirement  for  highly  purified 
BChE.  Purifying  4  jig  of  BChE  from  1  ml  of  plasma  that  contains  50 
000  jig  of  other  proteins  is  a  difficult  task  at  this  time.  A  one-step 
method  is  needed  that  selectively  extracts  BChE  from  human 
serum  or  plasma. 


Application 

The  information  provided  in  the  present  work  provides  the 
masses  of  possible  adducts  and  how  they  fragment  in  the  mass 
spectrometer.  This  information  is  needed  to  set  up  sensitive  mul- 
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tiple  reaction  monitoring  mass  spectrometry  methods  to  analyze 
exposure  in  real-life  samples.  As  of  this  date,  the  major  applica¬ 
tion  will  be  for  forensic  cases,  where  it  is  important  to  distinguish 
between  classes  of  pesticides,  and  between  nerve  agents  and 
pesticides. 


Sensitivity 

It  has  been  estimated  that  mass  spectrometry  could  potentially 
detect  OP-BChE  adducts  in  human  plasma  where  the  BChE  was 
inhibited  as  little  as  1%  (Tsuge  and  Seto,  2006).  The  multiple 
reaction  monitoring  method  would  require  purification  of  BChE 
from  5  ml  of  plasma. 

CONCLUSIONS 

Mass  spectrometry  has  identified  unexpected  modifications  on 
the  active  site  serine  of  human  butyrylcholinesterase  after  highly 
purified  butyrylcholinesterase  was  treated  with  selected  pesti¬ 
cides.  Two  types  of  adducts  were  produced  by  reaction  of 
butyrylcholinesterase  with  methamidophos,  and  three  types  of 
adducts  by  reaction  with  diazinon.  Knowing  what  to  expect  pre¬ 
pares  one  for  analysis  of  plasma  samples  from  poisoned  patients. 
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